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ABSTRACT 
 
      
Thousands of floating objects, known as drifting fish aggregating devices 
(dFADs), are released every year by commercial tropical tuna purse seine 
vessels in the three equatorial oceans to aggregate tuna and increase catch. The 
escalation in the number of dFADs deployed over the last three decades has 
caused changes in fishing effort that are poorly reflected in traditional indices of 
purse seine effort and catch per unit of effort (CPUE). In addition, concerns have 
been raised regarding the impacts of such high numbers of dFADs being 
deployed on both catch and bycatch species. I studied two aspects of dFAD 
deployments in order to clarify how dFADs are used by purse seiners and how 
they affect the magnitude of bycatch. My specific goals were to determine how 
often purse seine vessels fish on the dFADs they deploy and how regional dFAD 
density affects the magnitude of bycatch and catch. I analyzed commercial data, 
independent observer data, satellite buoy trajectories, and estimated floating 
object densities from the French tropical tuna purse seine fisheries in the Atlantic 
and Indian Oceans to examine these relationships. 
My results indicate that only 2.7-20.6% of dFAD fishing sets were on the 
dFADs French purse seiners deployed over the period 2007-2013. Although this 
percentage increased over time, such a low percentage suggests that French 
vessels do not primarily increase CPUE by using the dFADs they deploy for 
directed fishing. If French purse seiners are not mainly using their own dFADs in 
this manner, then using a metric of nominal effort based on individual vessel 
activity is unlikely to produce reliable CPUE estimates for the fishery. While 
information about how often purse seiners fish on their own dFADs could be 
incorporated into indices of fishing effort, it may be just as important, if not more 
so, to quantify the collective component of dFAD releases for overall fishing 
effort.  
The results for the second objective showed that average dFAD density 
had a relatively weak relationship with total bycatch biomass. There was no 
statistically significant effect on mean total bycatch biomass, but dFAD density 
was related to heteroscedasticity in bycatch biomass. In particular, there was a 
significant negative relationship between dFAD density and the upper quantiles 
of the bycatch biomass distribution, suggesting that dFAD density determines the 
upper bound for bycatch biomass caught per set. These relationships were not 
constant across species, however, as the five most prevalent bycatch species 
(i.e., those caught in the greatest number of sets) showed a mix of positive, 
negative, or no relationships to dFAD density. The total biomass of catch 
increased significantly as average dFAD density increased both at the mean and 
throughout the majority of the distribution, although this effect only explained a 
small fraction of the total variance in catch biomass. At this time, the low amount 
of variance explained and the inconsistent impact of average dFAD density on 
bycatch and target species indicate that it would be ineffective to mitigate 
bycatch levels in these fisheries by attempting to control regional dFAD densities.
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INTRODUCTION 
The global tropical tuna purse seine fisheries, targeting skipjack (Katsuwonus 
pelamis), yellowfin (Thunnus albacares), and bigeye (Thunnus obesus) tunas, comprise 
one of the world’s largest extractive fisheries. These surface fisheries are concentrated in 
the tropical equatorial waters of the Pacific, Atlantic, and Indian oceans and are 
responsible for over 60% of the estimated 4.9 million tons of annual global tropical tuna 
catch (FAO Fisheries & Aquaculture "Global Capture Production" and "Global Catches 
by Stock" databases consulted on October 13, 2016). The majority of these purse seine 
landings are caught using fish aggregating devices (FADs), which are floating objects 
used to aggregate tuna. The use of FADs has escalated over the last three decades, and it 
is currently estimated that tens of thousands of FADs are deployed annually by purse 
seine fleets (Scott and Lopez 2014, Maufroy et al. 2016). This has generated widespread 
concern regarding how the increased use of FADs has altered purse seine fishing effort 
and how the release of thousands of floating objects into the pelagic environment has 
impacted both catch and bycatch species. My thesis examines how French purse seine 
vessels use the FADs they deploy and the effects of FADs on the magnitude of bycatch 
and tuna landings in the French tropical tuna purse seine fishery in the Atlantic and 
Indian oceans.  
 Two main fishing methods are currently used by purse seiners to capture tropical 
tunas. The first is to fish on tuna schools not associated with any floating object (i.e., 
free-swimming schools). The second is to exploit the tendency of tunas (and other pelagic 
species) to aggregate under floating debris by fishing on schools associated with floating 
objects (Fréon and Dagorn 2000). A variety of objects can aggregate tuna schools, 
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including whales and whale carcasses, dolphin schools, and natural and anthropogenic 
debris (e.g., logs, branches, tires, and other flotsam) advected from coastal systems 
(Greenblatt 1979). Historically, purse seiners predominantly fished on free-swimming 
schools and fished opportunistically on floating objects when they were encountered. 
While fishing on floating objects has been an important part of purse seine fisheries since 
the 1960’s, improvements in tracking technologies, such as radio beacons and satellite 
buoys, in the late 1980s prompted purse seine crews to build and deploy their own 
floating objects on a global scale to increase catch (Fonteneau et al. 2000). These objects 
are known as drifting fish aggregating devices (dFADs). Manufactured dFADs are 
typically built at sea and are comprised of 4-6m2 bamboo rafts with long pieces of net 
attached to the bottom. The net acts as a drogue to slow drift velocity and creates a 
subsurface structure to attract fish. dFADs are currently equipped with buoys containing 
GPS receivers that relay positional information to the fishing vessels. Increasingly these 
buoys also have echo-sounders which transmit data on biomass of aggregated fishes and 
enable fishers to determine when the associated tuna aggregation is large enough to be 
profitably fished (Chassot et al. 2014, Scott and Lopez 2014).  These types of buoys can 
also be attached to other natural and artificial floating objects that purse seines randomly 
encounter.  
There are several advantages to fishing with dFADs rather than on free-swimming 
schools. In the 1990s and early 2000s, the biomass of tunas caught per set was generally 
much larger on floating objects than on free-swimming schools (although in recent years, 
dFAD catch per positive set has been comparable to or lower than, than the latter; 
Delgado de Molina et al. 2014, Chassot et al. 2015). For example, (Fonteneau 1992) 
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reported that the weight of tuna catch per set associated with floating objects was more 
than double (41 tons) that of free-swimming schools (19 tons) in the eastern Atlantic 
Ocean. Second, the rate of successful sets is higher on associated schools (85- >90%) 
than on free-swimming schools (55-70%) (Floch et al. 2012; Chassot et al. 2015).  
Most importantly, it is assumed that one of the greatest advantages of fishing with 
dFADs is the reduction in search time and operating costs for finding tuna schools, due to 
the use of buoys that relay real-time geolocations. This technology allows purse seine 
vessels to “sow” dFADs in productive areas, wait for them to aggregate a profitable 
amount of tuna, and then travel directly to a specific dFAD to capture the associated 
school, thereby potentially reducing traveling time and associated costs (Guillotreau et al. 
2011, Davies et al. 2014). 
Integrating dFAD effects into indices of fishing effort is complex, however, 
because not all dFAD fishing sets will be associated with a drastic reduction in search 
time. Purse seiners also frequently fish on dFADs deployed by other fishing vessels that 
they randomly encounter, as well as natural and artificial objects that were not purposely 
built to aggregate tuna (Scott and Lopez 2014, Maufroy et al. 2016). This type of fishing, 
similar to the fishing effort devoted to free schools, should not decrease search time as 
fishermen cannot track and travel directly to such floating objects. Given the very 
different consequences for overall fishing effort of fishing on one’s own dFADs equipped 
with GPS buoys, and randomly encountered floating objects, it is imperative to quantify 
the prevalence of each of these two types of fishing activities in order to understand how 
each impacts overall fishing effort.  
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Due to the advantages of dFAD fishing, it has become the dominant fishing 
method used by purse seiners to capture tropical tunas. An estimated 91,000 dFADs are 
deployed worldwide each year (Scott and Lopez 2014) and the number continues to rise. 
Maufroy et al. (2016) reported that the number of dFADs in the Indian and Atlantic 
Oceans increased dramatically between 2007 and 2013, from the lowest estimated 
deployments of 1,100 dFADs deployed in the Atlantic Ocean and 2,200 in the Indian 
Ocean at any given time in 2007 to maximums of ~8,500 dFADs in the Atlantic Ocean 
and ~10,300 dFADs deployed in the Indian Ocean at any given time in 2013. Other 
studies have estimated that there are ~17,000 dFADs deployed annually in the Atlantic 
Ocean (Fonteneau et al. 2015) and 10,000-14,500 in the Indian Ocean (Fonteneau and 
Chassot 2014).  
There are also several aspects of dFAD fishing that negatively affect both catch 
and bycatch species. One negative effect of fishing on floating objects is the increased 
catch of undersized bigeye and yellowfin tuna. Object-associated tuna schools are 
generally comprised of adult skipjack, a mix of adult and juvenile yellowfin, and 
predominantly juvenile bigeye tunas. The growing proportion of tuna landings made by 
purse seines versus other gears, in conjunction with the rising use of dFADs, led to a 
significant increase in the number of immature bigeye and yellowfin tunas caught in the 
Atlantic and Indian oceans. This phenomenon has been cited by the International 
Commission for the Conservation of Atlantic Tunas (ICCAT) and the Indian Ocean Tuna 
Commission (IOTC) as a principle factor that led to stock assessments indicating 
overfished stocks of bigeye tuna in the Atlantic Ocean and yellowfin tuna in both the 
Indian and Atlantic oceans (ICCAT SCRS 2015, IOTC 2015). 
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In addition, dFADs attract significant amounts of non-target species. Fishing on 
FADs generates roughly three to five times more bycatch (in mass) per ton of tunas than 
fishing on free-swimming schools (Romanov 2002, Amandè et al. 2010, Kaplan et al. 
2014). As a result, bycatch (defined here as the incidental capture of non-target species) 
has become a prominent conservation issue as the use of dFADs has increased. More than 
333 species of fish have been found to associate with floating objects (Castro et al. 2002), 
and several studies describe high biodiversity in FAD-associated communities (Romanov 
2002, Taquet et al. 2007, Chassot et al. 2009, Amandè et al. 2010). Torres-Irineo et al. 
(2014) also found that bycatch species diversity was higher in FAD fishing sets than in 
free-swimming school sets. While the tuna purse seine ratio of the biomass of bycatch 
species to the biomass of tunas captured is relatively low compared to some other pelagic 
fishing gears (e.g., longlining), it still is an area of concern due to the high total biomass 
of bycatch, the diversity of species captured, and the capture of vulnerable and 
endangered species (Amandè et al. 2012, Scott and Lopez 2014). Fonteneau et al. (2013) 
estimated that the mean global biomass of bycatch for purse seine fishing with dFADs 
was just over 100,000 tons annually. Other ecological concerns related to the use of 
dFADs include ghost-fishing mortality due to entanglement in the associated netting, and 
the creation of significant marine debris resulting from the abandonment of dFADs 
(Filmalter et al. 2013, Maufroy et al. 2015). 
There is also concern about how the increasing number of dFADs is altering the 
behavior and movement patterns of pelagic species that presumably benefit from 
associating with natural floating objects. Marsac et al. (2000) proposed the “ecological 
trap” hypothesis, which posits that seeding the ocean with dFADs may alter the growth 
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rates, condition, and natural mortality of fish that strongly associate with floating objects. 
dFADs are often deployed in, or drift to, oligotrophic areas of the oceans where natural 
logs do not commonly occur (Marsac et al. 2000). Consequently, fish that associate with 
dFADs in these areas may be ‘trapped’ and unknowingly travel with them to biologically 
unsuitable areas. Reduced food availability in these areas may explain the lower growth 
rates and poorer body condition observed in dFAD-associated tunas than those observed 
in fish from free-swimming (Hallier and Gaertner 2008, Jaquemet et al. 2011), although 
these results and the causal link have been disputed (Dagorn et al. 2013). If natural 
objects indicate productive areas or signal marine fauna to engage in certain behaviors, 
then increasing the number of dFADs in the oceans may deceive individuals and result in 
negative outcomes for the stock. 
Numerous strategies are being investigated to reduce the negative impacts of 
dFAD fishing, and these generally involve modifications to fishing gear and/or fisher 
behavior. For example, more ecologically-friendly dFADs have been designed without 
netting in order to reduce entanglement, and the subsequent mortality, of sharks and 
turtles (Franco et al. 2009). I examine two new characteristics of dFAD deployments that 
could be used to inform management in order to mitigate some of the negative impacts of 
dFADs: the fraction of French purse seine dFAD fishing sets made on the dFADs they 
deploy and regional dFAD density.  
Understanding what percentage of French dFAD sets are made on their own 
dFADs is important for understanding impacts of the fishery on both target and non-
target species. Clarifying this aspect of dFAD use could help create a better estimate of 
dFAD effort than the metric of search time, which can then be used to create more 
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accurate stock assessments. In addition, quantifying this percentage will help identify 
potential wasted dFAD fishing effort (e.g. deployed dFADs not used for fishing) that 
could be removed to reduce ecological impacts of dFAD deployments without negatively 
affecting catch levels. 
The rising number of deployed dFADs in the pelagic environment has also 
generated questions about how the density of dFADs affects target and non-target 
species. Sempo et al. (2013b) posited that increasing the density of dFADs in an area 
could attract and concentrate species in that area, or conversely, fragment social species 
among the dFADs and create smaller schools. There is evidence in gregarious  animals 
that high habitat fragmentation levels break down group decision-making, which causes 
groups to fragment across the habitat rather than moving together to the same site (Sempo 
et al. 2013a). If schooling fish species behave similarly to their terrestrial counterparts, 
then increasing the density of dFADs, or “habitats,” in an area will lead to school 
fragmentation and reduce the biomass aggregated around each dFAD. This would 
negatively affect both gregarious target and non-target species, as it would diminish 
biological advantages gained from schooling.  
Another potential way to reduce the negative effects of dFAD use on catch and 
bycatch species may, therefore, be to regulate regional dFAD density. In addition to 
determining the fraction of French purse seine dFAD fishing sets carried out on the 
dFADs they deploy, I will investigate the effect of dFAD density on the magnitude of 
catch and bycatch in order to determine whether there are clear relationships that could be 
used to reduce bycatch via regulating dFAD densities without significantly affecting 
catch.  
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Abstract 
 Widespread use of drifting fish aggregating devices (dFADs) in the tropical tuna purse 
seine fisheries has caused changes in effort that are poorly reflected in dFAD fishing effort 
indices. A commonly cited advantage of dFADs is reducing search time by using them for 
directed fishing. One indicator of dFAD use is how often purse seine vessels fish on the dFADs 
they deploy, rather than on dFADs owned by other vessels or other floating objects. We analyzed 
French commercial, observer, and dFAD trajectory data in the Atlantic and Indian oceans to 
determine how often purse seine vessels fish on dFADs they deploy. Only 2.7%-20.6% of 
French dFAD sets were made on their own dFADs from 2007-2013. Though this low percentage 
increased over time, it suggests that French vessels do not mainly use dFADs for directed 
fishing. We hypothesize that improvements due to regional effects of fishery-wide dFAD 
deployments are a greater advantage of dFADs, and therefore, it is equally, if not more, 
important to quantify this collective component of effort in the fishery.  
 
 
 
 
 
 
 
 
Keywords: purse seiner; fishing effort; floating objects; tropical tuna; dFAD trajectory; satellite 
buoys; search time; observers; associative behavior; tuna school; dFAD fishing  
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Introduction 
In tropical tuna purse seine fisheries, which primarily catch skipjack (Katsuwonus 
pelamis), yellowfin (Thunnus albacares) and bigeye (Thunnus obesus) tunas, fishermen increase 
catch by fishing on floating objects, exploiting the tendency of tunas to aggregate under floating 
debris (Fréon and Dagorn 2000). These objects were historically of natural origin (e.g., branches 
and logs advected from coastal environments) or anthropogenic marine debris (Greenblatt 1979), 
but since the late 1980s, purse seiners have been building and deploying objects, known as 
drifting fish aggregating devices (dFADs), on a massive scale to aggregate tuna and increase 
catch (Fonteneau et al. 2000). Manufactured dFADs generally consist of 4-6m2 bamboo rafts 
with long pieces of net attached to the bottom to attract fish and to slow drift. Fishing with 
dFADs has become the dominant fishing method in the fishery, accounting for more than half of 
global tropical tuna catch (Miyake et al. 2010, Fonteneau et al. 2013). It is estimated around 90 
000 dFADs are deployed annually worldwide (Scott and Lopez 2014).  
The widespread use of dFADs has drastically modified fishing effort in tropical tuna 
purse seine fisheries. Almost all dFADs are now equipped with satellite-tracked GPS buoys that 
relay real-time position information, and most are also equipped with echo sounders that allow 
remote estimation of the size of the aggregation underneath the dFAD. These technologies 
allows purse seine vessels to “sow” dFADs in productive areas, wait for them to aggregate a 
profitable amount of tuna, and then travel directly to the dFAD to capture the associated school, 
which  potentially greatly reduces the time and cost of searching for tuna schools (Guillotreau et 
al. 2011, Davies et al. 2014).  Many purse seiners work in conjunction with support vessels, 
which release and maintain networks of dFADs to further increase catch. These changes have 
complicated assessment of tuna stocks based on estimated catch per unit effort (CPUE) because 
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nominal fishing effort, as quantified by search time for free-swimming tuna schools, does not 
accurately account for dFAD effects and therefore does not reflect true fishing effort in these 
fisheries (Fonteneau et al. 2000). 
Integrating dFAD effects into indices of fishing effort is, however, a complex endeavor in 
part because not all dFAD fishing sets are likely to be associated with a drastic reduction in 
search time. In addition to fishing on the dFADs they deploy, purse seiners also search for and 
fish on dFADs from other vessels, as well as natural and manmade objects in the environment 
that were not purposely built to aggregate tuna (Scott and Lopez 2014, Maufroy et al. 2016). 
This type of fishing should not reduce search time as fishermen cannot track and travel directly 
to random dFADs. Given the very different consequences for overall CPUE of fishing on one’s 
own dFADs versus randomly encountered dFADs, it is imperative to quantify the prevalence of 
each of these two types of dFAD fishing activities in order to be able to understand how they 
impact overall fishing effort and CPUE. 
The objective of our study is to estimate the percentage of sets purse seine vessels fish on 
the dFADs they release, versus fishing on other floating objects they randomly encounter during 
fishing trips. We focus on dFAD use in the French tropical tuna purse seine fleets in the Atlantic 
and Indian oceans. Estimating the percentage purse seine vessels fish on the dFADs they deploy 
is key to understanding how tropical tuna purse seiners use dFADs, which is essential for 
developing a more accurate CPUE for the fishery.  
Methods 
We used three datasets collected by the Institut de Recherche pour le Développement 
(IRD) from the French tropical tuna purse seine fleets in the Atlantic and Indian oceans: (1) 
commercial catch data based on skipper logbooks; (2) catch and bycatch information for a subset 
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of purse seine fishing sets from data collected by observers aboard a subset of French vessels 
(multi-year average coverage of 14.5% in the Atlantic Ocean and 9.1% in the Indian Ocean); and 
(3) spatiotemporal trajectory data from GPS satellite buoys attached to floating objects 
(including, but not limited to, man-made dFADs). The commercial and observer datasets from 
the French purse seine fleet are complementary and contain numerous metrics of fishing activity; 
the most relevant of which for our purposes are set date, position, and type (i.e., free swimming 
school or floating object set). The observer data set, however, contains a much richer set of 
observations on interactions with floating objects and catch of non-target species. It is therefore 
of interest to examine estimates of dFAD use derived from both the commercial and observer 
datasets. We employed data from 2007-2013. There are 24 886 floating object fishing sets in the 
commercial dataset. Most were dFAD fishing sets- 1 991 of which were also recorded in the 
observer dataset (Maufroy et al. 2016). We used fishing set positions from the commercial 
dataset for all analyses. 
The GPS-buoy trajectory dataset covers the period 2007-2013 and contains trajectories 
constructed from satellite-transmitted GPS positions and timestamps from 13 772 GPS buoys 
deployed by the three fishing companies that compose the French tropical tuna purse seine fleet. 
Though purse seiners do attach GPS buoys to natural objects and man-made debris that they 
encounter during fishing trips, the vast majority of the trajectories in the GPS-buoy dataset 
correspond to trajectories of deployed dFADs (Maufroy et al. 2016). For simplicity, we will 
generally refer to “dFAD fishing sets” and “dFAD trajectories” even though some of the 
trajectories correspond to other types of objects. As we are only interested in the extent that 
purse seiners use the position information provided by the GPS buoy for fishing, we consider the 
precise type of the object to which the buoy is attached not to be important for our analysis. 
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The time steps in dFAD trajectories were variable and not all of the raw data 
corresponded to positions when the buoy was in the water. Individual dFAD trajectories 
contained a mix of drift positions and positions onboard vessels (e.g., before deployment or after 
recovery of the dFAD). The satellite trajectory data were processed with a classification 
algorithm that categorized GPS positions as “in water” or “on board” to isolate the portions of 
the trajectories where the dFAD was in the water (Maufroy et al. 2015). This resulted in 39 696 
water trajectory segments for the period of interest.  
Datasets were stored in a PostgreSQL database with the PostGIS geospatial extension 
Version 2.1 (http://postgis.net). Geospatial analyses were carried out in the database, but final 
statistical analyses were completed using R 3.1.3 (R Core Team 2015). 
Fraction of sets made on owned dFADs 
In order to determine the percentage of all dFAD sets that corresponded to purse seine 
vessels fishing on dFADs that they previously deployed, we needed to identify dFAD trajectories 
that resulted in a fishing set. This was complicated by the fact that the commercial and observer 
datasets did not have direct links to the dFAD trajectory dataset. Consequently, there was no 
direct way to associate fishing sets with their corresponding dFAD trajectories. In addition, 
logbook fishing set positions and dFAD GPS buoy positions were not precisely synchronized in 
time or location, and boat and dFAD times and coordinates were never identical due to the 
limited temporal resolution of both the logbook and the trajectory data. The logbook data 
included the date, but not the time, for the majority of the fishing sets made; and the buoys did 
not have positions recorded on a consistent timescale due to fluctuations in reporting intervals. 
As a result, correct matches between sets and dFAD positions could appear to be several hours 
and several kilometers apart. We therefore initially considered a potential match between a 
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fishing set and a dFAD trajectory to be any dFAD position that was within 11 km of the fishing 
set location and within 18 hours of the recorded time of the fishing set. A window of ±18 hours 
was used because, for the majority of the fishing sets in the commercial dataset set, time was 
artificially recorded as 00:00 UTC the day of the fishing set; but set times in the observer dataset 
indicated that the majority of the fishing sets in both the Indian and Atlantic oceans occurred 
between midnight and 18:00 UTC (Coordinated Universal Time). Most dFAD sets occurred 
between 1:00 and 13:00 UTC in the Indian Ocean and 5:00 and 18:00 UTC in the Atlantic 
Ocean. The spatial filter of 11 km was initially set based on typical maximum distances buoys 
traveled over a single day. However, a post hoc analysis of those set-trajectory combinations that 
were found to have a reasonable chance of being a good match revealed that 82% of the matched 
trajectories passed within 5 km of the fishing set location, and 92% passed within 7 km, 
suggesting that the 11 km spatial window was large enough to encompass real matches without 
being so large as to have an unnecessarily high rate of false-positives.    
We assumed that actual matches were likely to be characterized by trajectories that were 
primarily composed of water positions prior to the fishing set. We therefore sorted the initial 
matches that were made using the space/time filter into eleven “Percent Water” categories 
according to the fraction of dFAD positions prior to the fishing set that were classified as water 
positions: 100%, [90%, 100%), [80, 90%) … [0%, 10%). For example, if every buoy point 
position of a trajectory segment was in the water leading up to the fishing set position, then the 
match was put in the 100% Percent Water category. If the positions were a mix of 52% “in 
water” positions and 48% “on board” positions, then that match was placed in the [50%, 60%) 
Percent Water category. Potential matched trajectories consisting of two or fewer positions in a 
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five-day window before the fishing set were eliminated, as these were too short to analyze and 
often corresponded to the deployment of a new GPS buoy on an existing dFAD.  
We examined a random subset of ~30 of the initial matches in each Percent Water 
category to determine whether the fishing sets and dFAD trajectories were accurately matched, 
which signified an event where a purse seine fished on its own dFAD. Information on dFAD 
time, position, distance to the fishing set at the point of closest approach, GPS buoy reporting 
intervals, and any dFAD velocity changes before and after the fishing set (e.g., suggesting the 
GPS buoy had been deployed or recovered) were used to sort the matches in each Percent Water 
category subsample into five ratings indicating the likelihood of being a correct match between a 
dFAD and a fishing set: “Certain”, “Probable”, “Potential”, “Improbable”, and “Incorrect” 
matches (Table 1).  
Buoy reporting intervals can be set and changed remotely by the owners. Reporting 
intervals typically ranged from two hours to one day during normal drift, and decreased to 10 
minutes to one hour when the vessel was actively searching for the dFAD with the intention of 
fishing on it or to confirm that the buoy was functioning. A reduction in the buoy position 
reporting interval at the time of a nearby fishing set was taken as a strong indicator that the 
vessel that owned the dFAD was actively fishing on it. Requiring this emission change 
eliminated any cases of French vessels fishing on dFADs belonging to another French vessel 
from the “Certain” and “Probable” match categories because in that circumstance there would be 
no change in emission rate. Some of these cases may, however, be in the “Potential” match 
category, thereby artificially inflating the number of “Potential matches” and biasing the 
perceived percentage of the time purse seine vessels fish on their own dFADs upward when this 
match category is taken into account.  
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As the likelihood rating was necessarily partially subjective, we performed a sensitivity 
analysis both to see how sensitive the results were to the size of the subsample of sets that were 
manually examined in each Percent Water category and to the definition of a correct match. In 
order to test the sensitivity of the method to the definition of a correct match, we developed three 
classification schemes: (1) Definite which had the strictest definition of a good match and only 
included Certain matches, (2) Probable which was slightly more inclusive and included Probable 
matches in addition to Certain matches, and (3) All Possible which included any matches that 
were rated as Certain, Probable, or Potential. We refer hereafter to a “good match” as a match 
that meets the definition of a correct match between a fishing set and a trajectory for a specified 
classification scheme.  
The numbers of good matches found using each of the three classification schemes were 
divided by the number of sets in each manually-examined Percent Water category subset to 
calculate the percentage of good matches in each category. These percentages were then 
multiplied by the total number of sets in each Percent Water category each year to estimate the 
total annual number of good matches for the three classification schemes. The estimates were 
corrected for changes in the reporting rate of buoy data from the three French tropical tuna 
fishing companies by dividing the annual estimates by the corresponding yearly reporting rate 
(see Maufroy et al. 2015 Table 1 for reporting rates; reporting in 2012 and 2013 was 100%). The 
corrected estimates were then summed over the Percent Water categories to obtain the final 
estimate of the total number of sets corresponding to purse seiners fishing on their own dFADs. 
Finally, this number was converted to a percentage by dividing by the total number of French 
dFAD sets made that year. These calculations were repeated for each of the three classification 
schemes to provide a range of estimates. 
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The uncertainty in the estimated number of fishing sets made on owned dFADs due to the 
size of the random subsample of potential matches in each Percent Water category was tested 
using a Bayesian model for the binomial parameter that describes the fraction of potential 
matches corresponding to good matches within each Percent Water category. The probability of 
k potential matches being classified as good matches in a random subsample of n potential 
matches, given binomial probability parameter p (representing the fraction of sets that would be 
classified as “good matches” in a large sample of sets), was assumed to be   (1 −  )   . A 
symmetric Beta distribution with shape parameters   =   = 1/2 was used as the non-
informative prior for p (Pr( ) =    / (1 −  )  / ; (Berger et al. 2015). Using Bayes’ Theorem, 
a posterior distribution for p was estimated for each Percent Water category and 10 000 potential 
values for p were randomly drawn from each distribution. These were multiplied by the number 
of potential matches in each Percent Water category and then summed over categories to produce 
10 000 final estimates of the fraction of sets purse seine vessels fish on their own dFADs. 
Calculations were carried out using the numbers of potential matches in each Percent Water 
category considering the full commercial logbook dataset, as well as considering just the subset 
of fishing sets in the observer dataset, to produce estimates of the fraction of dFAD sets on their 
own dFADs derived from both the commercial and the observer datasets.  
Predicted means and 95% confidence intervals (CI) for the fraction of dFAD sets made 
on their own dFADs differed depending on the definition of a good match (i.e., Definite, 
Probable, and All Possible schemes).Therefore, we report ranges across classification schemes 
for estimates of the percentage purse seine vessels fish on the dFADs they deploy. The lower 
bounds of the ranges are based on the lower bound of the 95% CI for the strictest classification 
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method (i.e., only those matches in the Definite category). Upper bounds are based on the upper 
bound of the 95% CI for the loosest classification scheme (i.e., All Possible matches).  
Results  
 Percentage fishing on owned dFADs 
 The percentage of Definite matches never exceeded 20% in any category, and the highest 
percentage of All Possible matches was 73% in any one category. We found no Certain, 
Probable, or Potential matches in any of the Percent Water categories below 70% (Table 2).  
 Extrapolating from these subsample results, French purse seiners fished on 2.7% to 
20.6% of their own dFADs when data from the Indian and Atlantic Oceans are combined (Table 
3). The range reflects the lower 95% CI bound of the Definite scheme and upper 95% CI bound 
of the All Possible scheme. For the Indian and Atlantic oceans combined, the mean percentage 
ranged from 5.1% (95% CI = [2.7%, 8.2%], calculated using Definite matches) to 16.6% (95% 
CI = [12.7%, 20.6%], calculated using All Possible matches). Estimated mean percentages in the 
two oceans were similar to the overall mean for both oceans combined (Table 3). While the 
overall means for the entire study period (2007-2013) for the two oceans were very close, the 
annual percentages indicate that purse seiners in the Indian Ocean fished on their own dFADs 
more often than purse seiners in the Atlantic Ocean from 2008-2012 (Fig. 1).  
 The percentage of sets that purse seine vessels fished on their own dFADs increased over 
time in both oceans. For example, the percentage grew in the Atlantic Ocean from <6.0% in 
2007 to >20% in 2013 when using the All Possible scheme (Figs. 1b and 1d). In the Indian 
Ocean, the percentage increased from < 5% in 2007-2008 to > 20% over 2009-2013 (Figs. 1a 
and 1c – based on the All Possible scheme). The years 2007 and 2008 stand out as years with 
quite low percentages compared to other years in both oceans (Fig. 1). Classification scheme did 
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change the absolute magnitude of annual estimates, but the relative rankings of years within a 
given scheme were very similar across the three classification schemes (e.g., Figs. 1a and 1c). 
 Analyzing the sources of uncertainty in the estimates showed that the subsample size 
used in the analysis to classify matches in each Percent Water category had a smaller influence 
on the precision of the estimates compared to the classification scheme used to define a good 
match. For example, whereas the width of the 95% CI of the percentage of fishing on owned 
dFADs due to subsample size is at most 7.9% (see combined oceans, All Possible in Table 3), the 
mean predicted percentages from the All Possible scheme versus those in the Definite scheme 
differ by 11.5% (Table 3), indicating that the definition of a good match is an important source 
of uncertainty in our estimates.  
Differences between commercial and observer estimates 
The estimated percentages for the three different classification schemes based on the 
observer data were lower for both oceans combined and for the Indian Ocean than those 
predicted using the full commercial dataset (Table 3). As a result, the observer-based overall 
range for the percentage of dFAD sets purse seiners fished on their own dFADs was lower than 
the commercial-based range (2.0%-15.8% versus 2.7%-20.6%) (Table 3). In contrast, all three 
predicted percent means were almost identical between the commercial and observer datasets for 
the Atlantic Ocean (Table 3).  
Whereas annual estimates of the fraction of fishing on owned dFADs in the Atlantic 
Ocean generally agreed between the commercial and observer datasets, annual observer-based 
estimates in the Indian Ocean were considerably lower than those based on commercial data for 
some years (note points far from 1:1 line in Figs. 1a and 1c). For example, the estimated means 
and associated 95% CIs based on the commercial data were above the 1:1 line in Fig. 1c for 
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2009, 2010, and 2013 for the Indian Ocean, indicating that the commercial-based estimates were 
higher than the observer-based estimates for those years.  
Discussion 
 Our analyses provide key information about the dFAD fishing strategy of French purse 
seiners, which is crucial to accurately characterizing effort, and therefore accurate estimates of 
abundance based on CPUE that are needed for sustainable management of tuna purse seine 
fisheries. Our principal result is that tropical tuna purse seine vessels only fish on their own 
dFADs for ~3-21% of the dFAD sets they make. This is a surprisingly low percentage as it has 
generally been assumed that purse seiners reduce search time for tuna schools by deploying the 
greatest manageable number of dFADs to use them for directed fishing. Our results suggest that 
French purse seiners are not reducing search time by primarily fishing on the dFADs that they 
deploy. Instead, they devote the majority of their fishing effort to dFADs that they cannot track. 
We therefore hypothesize that the French tuna purse seine fleet operating in the Atlantic and 
Indian oceans are utilizing the dFADs they deploy in a different manner to increase catch and 
reduce the costs associated with fishing.  
We see at least three non-mutually-exclusive explanations for this surprisingly low 
percentage: (1) dFADs are used as general environmental indicators instead of specific fishing 
targets, (2) this operational scheme is specific to the French fleet as a result of the very high 
numbers of dFADs deployed by other fleets, and (3) purse seiners share general dFAD position 
information with other boats and eventually fish on dFADs without specifically monitoring their 
locations.  Purse seine vessels may be using the dFADs they release as environmental indicators 
to find productive fishing zones. Purse seine skippers used this strategy in the past when dFADs 
were equipped with radio beacons. The radio signals were much weaker, which made locating 
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specific dFADs from large distances much more difficult (Chassot et al. 2014b). dFADs were 
therefore largely deployed to act as passive drifters to track currents and other oceanographic 
features in order to help find concentrations of tuna schools and other dFADs (Chassot et al. 
2014b). It is possible that many skippers may still be using the majority of the dFADs they 
deploy to supplement the oceanographic information they receive via satellite with more fine-
scale information in order to find other dFADs.  
Alternatively, the low percentage of purse seine vessels fishing on the dFADs they own 
may be specific to the French fleet and possibly to the study period 2007-2013. Despite 
constantly maintaining between an estimated 14-65 and 14-80 dFADs per boat  in the Atlantic 
and Indian Oceans, respectively (Maufroy et al. 2016), the French purse seine fleet does not 
deploy as many dFADs as vessels from other countries with overlapping fishing territories, such 
as Spain and its associated fleets (Moreno et al. 2007, Guillotreau et al. 2011, Fonteneau et al. 
2015). In addition, French vessels focus more on fishing for free-swimming schools compared to 
other countries (Fonteneau and Chassot 2014, Fonteneau et al. 2015). Consequently, they may 
rely more heavily on other countries’ dFADs when dFAD fishing. There are well known 
examples of national purse-seine fleets that release few to no dFADs but catch a significant 
fraction of their tuna landings on dFADs released by other fleets. For example, the Ghanaian 
fleet in the eastern Atlantic caught 85-95% of its landings on dFADs from 2006-2013 (Chassot et 
al. 2014a), but Ghanaian purse seiners are thought to deploy very low numbers of dFADs 
(although it should be noted they collaborate with bait boats and pole and line boats that also 
deploy dFADs (Fonteneau et al. 2015). It is, therefore, likely that the vessels of the French fleet, 
despite deploying significant numbers of dFADs, are also taking advantage of the large number 
of dFADs released by other fleets.   
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Finally, it is also possible that several French vessels may be sharing dFADs and position 
information for dFADs that are nearby. This information exchange would potentially not be 
represented in the dataset if the transmission rate was not increased by the owner of the dFAD, as 
our analysis excluded matches from the most restrictive match categories when it did not appear 
that a vessel was actively monitoring a buoy transmission. There is some evidence for sharing 
dFADs, notably during the period of intense piracy in the Indian Ocean (2009-2011) when 
several French purse seiners operated in pairs to provide additional security against attacks. 
However, it is likely that even for the majority of cases where vessels were sharing dFADs that 
the buoy transmission rate would increase in order to help the other vessel locate the dFAD and, 
therefore, would be included in our estimates. We expect this mechanism to be of limited 
importance for our results and restricted to specific time periods. 
The percentage of sets where the purse seine vessels fished on their own dFADs 
increased over the seven-year period, which may reflect the fact that the French fleet had been 
investing more heavily in dFADs over that time (Chassot et al. 2014b). Maufroy et al. (2016) 
reported that the number of GPS buoys released by the French fleet rose continuously from 
2007-2013, with an average increase in the Atlantic Ocean by a factor of 5.5 and in the Indian 
Ocean by a factor of 5.8. The increasing use of echo-sounders in the fleet during that period 
could have been one reason the number of buoys released rose so quickly. Echo-sounders were 
introduced into the French fleet around 2011, and by 2014, most of the buoys were equipped 
with them (Chassot et al. 2014b). Echo sounders make fishing on one’s own dFADs more 
attractive as they allow the owner to determine when the associated aggregation is large enough 
to be profitably fished. 
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There were notable differences between the estimates based on the commercial data and 
the observer data of the percentage of dFAD sets made on dFADs deployed by the vessels. The 
estimates based on the observer data for the Indian Ocean were considerably lower than those 
based on the commercial data for some years (Figs. 1a and 1c). This discrepancy may be related 
to the major increase in the threat of piracy to boats fishing off the coast of Somalia during 
affected years (Chassot et al. 2010). During 2009 and 2010, purse seine vessels brought military 
personnel onboard for protection, which eliminated space for observers on many fishing trips. 
Observers were also restricted to safer fishing grounds, so observer coverage in the Indian Ocean 
shrank drastically both in space (e.g., no coverage along the Somali coast; Fig. 2a) and the 
number of sets for which an observer was present (e.g., to less than 5% in 2009 and 2010; 
(Chassot et al. 2010). Piracy was less of an issue in 2013, but observer coverage in the Indian 
Ocean was below 10% for this year, and observers were absent in a large high-use dFAD area off 
the coast of Kenya and Tanzania, but were present in areas where fishing for free-swimming 
schools dominates. In all these years, reduced coverage may have led to biases in the estimated 
fraction that purse seiners fish on their own dFADs.  For example, it is plausible that fishermen 
more frequently target their own dFADs in the missing dFAD-fishing dominated areas, and less 
frequently in areas predominately used for fishing on free-swimming schools where random 
encounters with dFADs from other boats likely represent the majority of dFAD catch. This 
pattern is consistent with underestimation of the percentage of dFAD sets on owned dFADs 
found in observer data relative to commercial data in the Indian Ocean.  
 By contrast, the observer data for the Atlantic Ocean accurately reflected the percentage 
of sets purse seines fished on their own dFADs calculated with the commercial data. The two 
years that stand out as being relatively underestimated by the observer data in the Atlantic 
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Ocean, however, 2009 and 2011 (Fig. 1), are the two years with the lowest observer coverage 
(≤10%). 
Our results suggest that developing an accurate index of purse seine dFAD effort based 
on individual vessel activity useful for CPUE estimation and stock assessment will be 
complicated. While releasing and fishing on dFADs on an individual scale does affect effort, the 
collective deployment of thousands of dFADs within fishing grounds by all fleets appears to 
contribute considerably to overall dFAD fishing effort. French purse seiners may not be 
primarily fishing on the dFADs they deploy, but rather these dFADs may have an important role 
as indicators of general regions where there are likely to be numerous opportunities to make 
successful fishing sets on other dFADs. Our conclusion is supported by an analysis of purse 
seine fuel use showing that fuel consumption per ton of tuna landed actually increased (rather 
than decreased) the more a purse seine vessel relied on dFADs (Parker et al. 2015). If French 
purse seiners are not using their own dFADs for directed fishing, then using a metric of nominal 
effort based on individual vessel activity, such as search time, is unlikely to produce reliable 
CPUE estimates (e.g., estimates proportional to tuna abundance and therefore valuable for stock 
assessments). Information about how often purse seiners fish on their own dFADs could be 
incorporated into indices of fishing effort, although it may be equally (or more) important to also 
quantify the collective component of overall effort in the fishery (e.g., total dFADs deployed in 
an area). As dFAD management plans in the Indian and Atlantic oceans are implemented and 
dFAD deployment information becomes more widely available, the ability to estimate this 
portion of effort will improve.    
 Overall, it is remarkable that a major component of the tropical tuna purse seine fleet 
makes at least 79% of its dFAD sets on randomly encountered dFADs. Our results are consistent 
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with the large number of dFADs that have been estimated to be deployed at any time in each of 
the two oceans: 4 000-11 000 dFADs concentrated in each of the main purse seine fishing 
grounds along the east and west coasts of Africa by 2013 (Maufroy et al. 2016); or about 17 000 
deployed annually in the Atlantic (Fonteneau et al. 2015) and 10 000- 14 500 in the Indian 
(Fonteneau and Chassot 2014). This suggests that the standing stock of dFADs may considerably 
exceed what is necessary to maintain the fishery. Future management efforts may need to focus 
on increasing the percentage of dFAD sets purse seine vessels fish on their own dFADs and 
lowering the overall number of dFADs released in order to reduce “wasted” dFAD fishing effort 
and negative ecological impacts on the pelagic environment from superfluous dFADs. 
Acknowledgements 
This project would not have been possible without the Institut de Recherche pour le 
Développement (IRD) sharing their data and for the guidance and help from collaborators there. 
We also thank ORTHONGEL for providing the original data, and in particular, Laurent Pinault 
(Pêche Avenir) and Anthony Claude (SAUPIQUET) for initial access to the data. Thanks also 
goes to all personnel involved in the collection of the tuna fisheries data used in this analysis, 
notably Norbert Billet and Pascal Bach of the “Observatoire Thonier”. We are also grateful for 
Gildas Bodilis’ useful comments on the buoy datasets. In addition, we would like to thank the 
members of the first author’s thesis committee, John Graves, Richard Brill and Michael Unger, 
for their helpful comments and suggestions. This is contribution number [ASSIGNED AFTER 
ACCEPTANCE] of the Virginia Institute of Marine Science, College of William and Mary. 
 
 
 
 
 
 
 33 
 
References 
Berger, J.O., Bernardo, J.M., and Sun, D. 2015. Overall objective priors. Bayesian Anal. 10(1): 
189–221. 
Chassot, E., Ayivi, S., Floch, L., Dewals, P., Damiano, A., Cauquil, P., Dubroca, L., and 
Bannerman, P. 2014a. Analysis of Ghanian Industrial Tuna Fisheries Data: Towards 
Tasks I and II for 2006-2012. Collect.Vol.Sci.Pap.ICCAT 70(6): 2693–2709. 
Chassot, E., Dewals, P., Floch, L., Lucas, V., Morales-Vargas, M., and Kaplan, D. 2010. 
Analysis of the effects of Somali piracy on the European tuna purse seine fisheries of the 
Indian Ocean. IOTC Sci. Comm. Rep. IOTC-2010-SC-09Indian Ocean Tuna Comm. Vic. 
Seychelles (Journal Article). 
Chassot, E., Goujon, M., Maufroy, A., Cauquil, P., Fonteneau, A., and Gaertner, D. 2014b. The 
use of artificial fish aggregating devices by the French tropical tuna purse seine fleet:  
Historical perspective and current practice in the Indian Ocean. Available from 
http://horizon.documentation.ird.fr/exl-doc/pleins_textes/divers15-01/010063284.pdf. 
Davies, T.K., Mees, C.C., and Milner-Gulland, E.J. 2014. The past, present and future use of 
drifting fish aggregating devices (FADs) in the Indian Ocean. Mar. Policy 45(Journal 
Article): 163–170. doi:10.1016/j.marpol.2013.12.014. 
Fonteneau, A., and Chassot, E. 2014. Managing tropical tuna purse seine fisheries through 
limiting the number of drifting fish aggregating devices in the Indian Ocean: food for 
thought. 
Fonteneau, A., Chassot, E., and Bodin, N. 2013. Global spatio-temporal patterns in tropical tuna 
purse seine fisheries on drifting fish aggregating devices (DFADs): Taking a historical 
 34 
 
perspective to inform current challenges. Aquat. Living Resour. 26(1): 37–48. 
doi:10.1051/alr/2013046. 
Fonteneau, A., Chassot, E., and Gaertner, D. 2015. Managing tropical tuna purse seine fisheries 
through limiting the number of drifting fish aggregating devices in the Atlantic: food for 
thought. Collect.Vol.Sci.Pap.ICCAT 71(1): 460–475. 
Fonteneau, A., Pallares, P., and Pianet, R. 2000. A worldwide review of purse seine fisheries on 
FADs. 
Fréon, P., and Dagorn, L. 2000. Review of fish associative behaviour: Toward a generalisation of 
the meeting point hypothesis. Rev. Fish Biol. Fish. 10(2): 183–207. 
doi:10.1023/A:1016666108540. 
Greenblatt, P.R. 1979. Associations of tuna with flotsam in the eastern tropical Pacific. Fish.Bull 
77(1): 147–155. 
Guillotreau, P., Salladarré, F., Dewals, P., and Dagorn, L. 2011. Fishing tuna around Fish 
Aggregating Devices (FADs) vs free swimming schools: Skipper decision and other 
determining factors. Fish. Res. 109(2–3): 234–242. doi:10.1016/j.fishres.2011.02.007. 
Maufroy, A., Chassot, E., Joo, R., and Kaplan, D. 2015. Large-Scale Examination of Spatio-
Temporal Patterns of Drifting Fish Aggregating Devices (dFADs) from Tropical Tuna 
Fisheries of the Indian and Atlantic Oceans. PLoS One 10(5): 1–21. 
Maufroy, A., Kaplan, D.M., Bez, N., Molina, A.D.D., Murua, H., Floch, L., and Chassot, E. 
2016. Massive increase in the use of drifting Fish Aggregating Devices (dFADs) by 
tropical tuna purse seine fisheries in the Atlantic and Indian oceans. ICES J. Mar. Sci. J. 
Cons.: fsw175. doi:10.1093/icesjms/fsw175. 
 35 
 
Miyake, M.P., Guillotreau, P., Sun, C.-H., and Ishimura, G. 2010. Recent developments in the 
tuna industry: Stocks, fisheries, management, processing, trade and markets. FAO Fish. 
Aquac. Tech. Pap. (543): I. 
Moreno, G., Dagorn, L., Sancho, G., and Itano, D. 2007. Fish behaviour from fishers’ 
knowledge: The case study of tropical tuna around drifting fish aggregating devices 
(DFADs). Can. J. Fish. Aquat. Sci. Can. Sci. Halieut. Aquat. 64(11): 1517–1528. 
Parker, R.W.R., Vázquez-Rowe, I., and Tyedmers, P.H. 2015. Fuel performance and carbon 
footprint of the global purse seine tuna fleet. J. Clean. Prod. 103: 517–524. 
doi:10.1016/j.jclepro.2014.05.017. 
R Core Team. 2015. R: A language and environment for statistical computing. (Computer 
Program). Available from http://www.R-project.org/. 
Scott, G., and Lopez, J. 2014. The Use of FADs in Tuna Fisheries. European Parliament Policy 
Department Structural and Cohesion Policies. Available from 
http://www.europarl.europa.eu/studies [accessed 15 January 2014]. 
 
 
 
 
 
 
 
 
 36 
 
Table 1. Criteria used to classify subset of matches made between dFAD trajectories and fishing 
sets into the five semi-objective ratings of how likely that the match is a correct one: “Certain”, 
“Probable”, “Potential”, “Improbable”, or “Incorrect”.  
Criteria  Certain Probable Potential Improbable Incorrect 
Buoy Position 
Reporting Interval 
Leading Up to 
Fishing Set Time  
10min-1hr 10min-1hr 10min-Once 
daily 
2hrs-Once daily Once daily 
Minimum Distance 
Between dFAD 
Trajectory and 
Fishing Set 
0-0.9km 1.0-5.9km 6.0-11.0km; 
reporting 
interval 10min- 
1hr  
OR  
0- 5.9km, but 
buoy reporting 
interval 2hrs-
Once daily 
10.0-11.0km 10.0-
11.0km 
Closest dFAD 
Trajectory Point to 
Fishing Set in 
Daylight? 
Yes Yes Yes No; or closest 
points occur at 
night but 
distance < 1km 
and buoy 
reporting  
2hrs-Once daily 
No 
DFAD Trajectory 
Point Velocities 
Leading Up to the 
Fishing Set 
< 0.5m/s < 0.5m/s Majority of 
points < 0.5m/s 
Majority of 
points 0.5- 
1.0m/s 
Majority 
of points  
> 1.0 m/s 
Closest dFAD 
Trajectory Point 
Position at a Port 
No No No No Yes 
Other  --- --- --- --- Another 
trajectory 
is a better 
match 
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Table 2. The percentage of matches in each likelihood rating category per Percent Water 
category. “Category N” is the total number of matches in the commercial dataset in the Percent 
Water category, and “Subsample N” is the numbers of matches in each Percent Water category 
that were manually examined to determine whether the matches between dFADs and fishing sets 
were actual matches. 
  
Percent Water Category 
Likelihood Rating 100% 90% 80% 70% 60% 50% 40% 30% 
Certain 13% 20% 10% 2% 0% 0% 0% 0% 
Probable 20% 30% 7% 4% 0% 0% 0% 0% 
Potential 17% 23% 0% 10% 0% 0% 0% 0% 
Improbable 7% 17% 33% 14% 7% 17% 30% 20% 
Incorrect 43% 10% 50% 70% 93% 83% 70% 80% 
Subsample N= 30 30 30 50 30 30 30 30 
Category N= 3543 1065 743 548 569 460 368 355 
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Table 3. Mean percentages and associated 95% CIs of the total number of dFAD fishing sets that 
purse seine vessels make on the dFADs that they deploy for the Indian Ocean, the Atlantic 
Ocean, and the combined oceans for each level of the three classification schemes: Definite, 
Probable, and All Possible.  
Commercial Data       
 
Rating 
Categories Indian Ocean Atlantic Ocean Both Oceans 
 Definite 5.2% [2.8%, 8.2%] 4.9% [2.4%, 8.25%] 5.1% [2.7%, 8.2%] 
 Probable 11.5% [8.1%, 15.3%] 11.1% [7.3%, 15.1%] 11.4% [7.9%, 15.2%] 
 All Possible 16.8% [12.9%, 20.4%] 16.1% [11.9%, 20.2%] 16.62% [12.7%,20.6%] 
Observer Data       
 Definite 3.2% [1.8%, 5.2%] 5.1% [2.3%, 9.1%] 3.9% [2.0%, 6.4%] 
 Probable 7.1% [4.9%, 9.4%] 11.6% [7.3%, 16.4%] 8.7% [5.8%, 11.8%] 
  All Possible 10.3% [7.9%, 12.6%] 17.2% [12.3%, 21.9%] 12.7% [9.4%, 15.8%] 
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Figure Captions 
Fig. 1. Logbook-based yearly estimates of the percentage purse seine vessels fish on their own 
dFADs in comparison to estimates based on observer data. Panels (a) and (b) show the annual 
percentages and 95% CI for the Indian and Atlantic oceans, respectively, based on matches from 
the Definite category (the strictest classification category of matches). Panels (c) and (d) show 
the annual percentages and 95% CI for the Indian and Atlantic oceans, respectively, based on 
matches from the All Possible category (the most inclusive classification category). The closer 
the points lie to the dotted 1:1 line, the closer the estimates are between the two datasets. 
 Fig. 2. Spatial patterns of observer coverage of the French tropical tuna purse seine fleets in the 
Atlantic and Indian oceans comparing a year with low coverage, 2009 (Panel a), with high 
coverage year, 2012 (Panel b). Black points indicate fishing sets from the observer dataset and 
white points indicate fishing sets from the commercial dataset. 
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CHAPTER 3: 
How Drifting Fish Aggregating Device Density Affects Bycatch in the Tropical Tuna 
Purse Seine Fisheries in the Atlantic and Indian Oceans 
This chapter follows the format of the Canadian Journal of Fisheries and Aquatic 
Sciences 
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Abstract 
 The escalating number and density of drifting fish aggregating devices (dFADs) 
in the pelagic environment released by tuna purse seine vessels has generated concerns 
about the ecological impacts of dFADs, including the magnitude of bycatch. We used 
French commercial purse seine logbook and observer data in conjunction with 
extrapolated dFAD densities in the Atlantic and Indian oceans for the period 2007-2013 
to examine the how dFAD density affects biomass of tuna catch and bycatch biomass per 
dFAD fishing set. We used log linear regressions and linear quantile regressions to 
analyze the relationship between average dFAD density and total bycatch biomass, total 
tuna catch biomass, and the top five most prevalent bycatch species. Average dFAD 
density had a relatively weak relationship with total biomass of bycatch. There was no 
statistically significant effect on mean total biomass of bycatch, but dFAD density had a 
positive effect on bycatch biomass when the biomass of tunas per set was low and a 
negative effect on bycatch when it was high. The five bycatch species varied in their 
response to dFAD density. Catch increased significantly with increasing average dFAD 
density throughout the majority of its distribution, although almost none of the variance 
in biomass of tunas caught was explained by dFAD density. The low amount of variance 
explained and the inconsistency of the impact of dFAD density on the biomass of tunas 
caught and bycatch biomass across species suggests that regulating total dFAD numbers 
or other aspects of fishing effort are likely to be more effective in mitigating bycatch in 
tropical tuna purse seine fisheries than attempting to regulate regional dFAD densities. 
Keywords:  purse seine; floating objects; tropical tuna; FAD density; bycatch; non-target 
species; observers; associative behavior; tuna school; dFAD fishing; skipjack tuna; 
yellowfin tuna 
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Introduction 
Fishing on drifting fish aggregating devices (dFADs) has become the dominant 
fishing method in tropical tuna purse seine fisheries since the early 1990s (Fonteneau et 
al. 2000). dFADs are floating objects that fishermen deploy to aggregate tuna and 
increase catch levels by taking advantage of the well-known behavior for tuna schools to 
associate with floating debris (Fréon and Dagorn 2000, Dagorn et al. 2013). In the past, 
purse seine vessels fished opportunistically on floating objects that they encountered in 
the pelagic environment, such as anthropogenic debris or logs and other objects coming 
from river outflows (Greenblatt 1979). In the late 1980s – early 1990s, improvements in 
tracking technologies, such as radio beacons and satellite buoys, prompted purse seine 
crews around the world to build and deploy their own dFADs on a massive scale to 
increase catch levels (Fonteneau et al. 2000). dFADs typically consist of 4-6 m2 bamboo 
rafts with long pieces of net attached to the bottom. Modern dFADs are equipped with 
satellite-tracked GPS buoys, which relay position information, and often with echo-
sounders that allow estimation of the biomass of fish aggregated (Chassot et al. 2014, 
Scott and Lopez 2014). Purse seiners also attach tracking buoys to other floating objects 
that the vessel opportunistically encounters.  
These technological advances have led to dramatic increases in dFAD use over 
the last two decades (Fonteneau et al. 2000, Miyake et al. 2010). A European Parliament 
report estimates that purse seiners deploy about 91 000 dFADs worldwide each year 
(Scott and Lopez 2014). Maufroy et al. (2016) reported that the number of dFADs in the 
Indian and Atlantic oceans increased fourfold from 2007-2013, with an estimated 
maximum of 8 500 dFADs deployed in the Atlantic and 10 300 in the Indian Oceans 
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during peak months in 2013. The majority of purse seine catch of floating-object-
associated tunas in the Atlantic and Indian oceans now occurs on man-made dFADs, as 
opposed to natural floating objects, or anchored FADs (Maufroy et al. 2016). 
There is growing concern in scientific, management, and conservation 
communities regarding the ecological effects of releasing thousands of artificial floating 
objects into the pelagic environment every year. The increasing use of dFADs is putting 
pressure on both target and non-target species populations, as dFADs attract juvenile 
tunas and non-target species in addition to market-sized tunas. Bycatch has become a 
prominent conservation issue in this fishery because dFAD fishing generates roughly 3-5 
times more bycatch biomass per ton of tuna than fishing on free-swimming schools 
(Romanov 2002, Amandè et al. 2010, Kaplan et al. 2014). More than 333 species of fish 
have been found to associate with floating objects (Castro et al. 2002), and Torres-Irineo 
et al. (2014) found that bycatch species diversity was higher in FAD fishing sets than in 
free-swimming school sets. Other ecological concerns related to dFAD use include ghost-
fishing mortality due to entanglement of turtles and sharks in netting and significant 
marine debris resulting from the abandonment of dFADs (Filmalter et al. 2013, Maufroy 
et al. 2015). 
The increasing number of dFADs has also generated questions about how the 
density of dFADs in the pelagic environment affects the aggregative behavior of target 
and non-target species. Sempo et al. (2013b) posited that increasing the density of dFADs 
in an area could attract and concentrate species in that area, or conversely, high dFAD 
densities could fragment social species among the dFADs and create smaller schools. 
There is evidence in gregarious groups of animals that high habitat fragmentation levels 
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breaks down group decision-making, which causes groups to fragment across the habitat 
instead of moving together to the same site (Sempo et al. 2013a). If schooling fishes 
behave similarly to terrestrial counterparts, then increasing the density of dFAD habitats 
will lead to school fragmentation. This would negatively affect gregarious species, such 
as tunas, as it would reduce the biological advantages gained from schooling. This would 
also potentially affect fishery catch, bycatch, and overall profitability, although the 
magnitude and direction of these impacts would depend on the details of how dFAD 
density affects schooling of individual species and groups of species. 
Our study focuses on how dFAD density affects the magnitude of bycatch and 
catch biomass caught by French purse seine vessels fishing on dFADs. We also analyze 
the effects of dFAD density on the top five most prevalent bycatch species to determine if 
the relationship between dFAD density and bycatch biomass differs between species. Due 
to the complexity of the data, we use a variety of methods to model the effect of average 
dFAD density on bycatch biomass. We report the results of log linear models and log 
linear quantile regressions for total biomass of bycatch, total tuna biomass, and the five 
bycatch species enumerated by biomass. As our study is the first that we know of to 
examine the effects of dFAD density on bycatch in the tuna purse seine fishery using 
these methods, our results provide an important starting point for exploring the impacts of 
dFAD density on pelagic communities and fisheries.  
Methods 
 We used bycatch and catch data from the French purse seine fleets in the Atlantic 
and Indian oceans. We define bycatch as the capture of non-target species, both landed 
and discarded, and we excluded undersized tunas from the analysis. We employed three 
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datasets maintained by the Institut de Recherche Pour le Développement (IRD): (1) 
commercial catch data based on captain logbooks; (2) catch and bycatch information for 
a subset of purse seine fishing sets from data collected by observers aboard a subset of 
French vessels; and (3) average dFAD density estimates (described in detail below). 
Datasets were stored in a PostgreSQL database with the PostGIS geospatial extension 
Version 2.1 (http://postgis.net). We conducted our statistical analyses in R 3.1.3 (R Core 
Team 2015). 
The commercial and observer datasets from the French purse seine fleet contain 
several metrics of catch of skipjack, yellowfin, and bigeye tunas, such as set date and 
position, set type (i.e., free-swimming school or FAD set), weight per set (metric tons), 
number of fish per length category, and species. The observer dataset also includes 
information on the biomass and size-frequency of non-target species. Data used for this 
study cover the period 2007-2013. There are 52 455 fishing sets in the commercial 
dataset, with 24 886 of those made on dFADs. In the observer dataset there are 4 393 
fishing sets, with 1 991 of those made on dFADs.  
 The number of dFADs per 1°x 1° grid cell per month for the Atlantic and Indian 
oceans was extrapolated from French dFAD trajectory data and from French and Spanish 
observer data of random encounters with dFADs belonging to various fleets for the 
period 2007-2013 (Maufroy et al. (2016) provide detailed extrapolation methodology and 
analysis of spatio-temporal density patterns). We addressed spatial gaps in density 
estimates by calculating the mean dFAD density in each 1°x 1° cell as the average over 
the densities in the 3°x 3° cell surrounding the 1°x 1° cell for each month and year 
combination. We did this for all cells except for those with no dFAD density estimates 
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within the surrounding 3°x 3°cell during a given month-year combination. These cells 
were eliminated from analyses (Fig. 1). We then linked geographic fishing set positions 
from the observer dataset to the dFAD densities in the corresponding grid cell in order to 
unite bycatch and catch information with dFAD density. We performed these geospatial 
analyses in the database, which yielded 1 316 fishing sets with matching dFAD densities 
(including 78 sets with tuna catch but no recorded bycatch). 
Using the resulting fishing sets, we modeled bycatch and catch biomasses as a 
function of dFAD density with a variety of modeling frameworks. We also examined the 
impact of dFAD density on the five bycatch species that were most prevalent in dFAD 
fishing sets (i.e., were caught in the greatest number of sets) during the study period. The 
top five species in order of highest occurrence to lowest were (n=number of non-zero 
observations): rainbow runner (Elagatis bipinnulata) (n=947), common dolphinfish 
(Coryphaena hippurus) (n=928), spotted oceanic triggerfish (Canthidermis maculata) 
(n=918), wahoo (Acanthocybium solandri) (n=841), and silky shark (Carcharhinus 
falciformis) (n=651).  
Fishing season, year, and ecological zone were also included as explanatory 
variables in models of biomass as a function of dFAD density to control for temporal and 
spatial variability. We included fishing season as a categorical variable with three levels: 
Season 1: October-February; Season 2: June-September; and Season 3: March-May 
(adapted from those reported in Maufroy et al. 2016). We included ecological zone to 
control for some of the extensive spatial variation and differences in habitats across the 
two oceans. These nine ecological zones were developed by the European project 
"Echantillonnage Thonier" in order to demarcate unique areas characterized by fishing 
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sets with fairly homogenous catch species composition and size in the Atlantic and Indian 
oceans (Pallarés and Petit 1998; Fig. 1).  
  Given the complexity of the data, we investigated several methods to examine the 
relationship between dFAD density and the biomass of bycatch and tunas. The data were 
non-normal, heavily skewed to the right (meaning that there were more observations 
from grid cells with low average dFAD densities than cells with high dFAD densities), 
and heteroscedastic. We explored several transformations to address these issues and 
chose to log-transform bycatch and catch biomasses to stabilize the variance and 
approximately meet the normality assumptions required for linear models. We included 
sets with catch but no bycatch in the analyses by adding a constant of 0.001 
(corresponding to the smallest non-zero value in the bycatch data) to each bycatch or 
catch biomass estimate to avoid having to use the logarithm of zero (which is undefined). 
In the individual bycatch species analyses, we only modeled non-zero weights, as we 
were interested in the effect of dFAD density on school size for those species. We added 
the constant 0.001 to the data for individual species to be as consistent as possible with 
the analyses for the biomass of total tuna catch and bycatch. 
We considered truncating the data to only those sets that were in areas where 
average density was below 50 dFADs per cell in order to exclude several high dFAD 
density outlier values. Truncating the data made little difference to the results, however. 
For this reason, and because of the ad hoc nature of choosing the cutoff point, we decided 
to use the full dataset for our analyses.  
In addition to general linear models with transformations, we fitted the data using 
generalized linear models with different distributions, generalized additive models 
 51 
 
(GAMs), Loess regressions, and linear mixed models to try to improve model fit. These 
methods did not increase the variance explained by the models or improve model 
residuals, and the generalized linear models we examined were overdispersed. We 
therefore only present results from log linear regression models as there was no 
improvement in model fit or information about the effect of dFAD density on biomass 
from these more complex models.  
 To avoid over-parameterizing models by including all possible factors (e.g., year, 
month, season, ocean, and ecological zone), factor levels, and possible interactions 
between them, we ran stepwise regressions on the full dataset using the “step” function in 
R to choose the most parsimonious models for bycatch and tuna catch data. We inspected 
interaction plots between fishing season, ocean, ecological zone, and year to determine 
which interaction terms to include in the most complex model for stepwise regression. 
The most complex model (i.e., the model with the most interaction terms) was: 
Log(weight+.001)= year + season + ecological zone + ocean + average buoy density + 
year*season + year*ecological zone + season *ecological zone + 
year*season*ecological zone. 
In order to ensure average dFAD density was included in the final model, this term was 
included in the base model for stepwise regression. 
The calculations for the log linear models were carried out using the “lm” 
function in R. We used ANOVAs to compare models with and without average dFAD 
density to examine the explanatory power of our main factor of interest. We also used a 
significance level of 0.05 for all statistical tests.  
Quantile Regression 
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The linear regression diagnostic plots indicated that there was residual 
heteroscedasticity in the data even after it was log transformed, so we also used quantile 
regression to describe the relationship between dFAD density and bycatch biomass and 
catch biomass. Quantile regression estimates the effect of the explanatory variable at 
different quantiles of the response distribution rather than at the mean. One advantage of 
linear quantile regression is that it is a flexible model that makes no assumptions 
regarding the structure of the error distribution or how variance changes as a function of 
the mean. These are two of the main issues with using general linear models to analyze 
this particular dataset (Cade and Noon 2003). Quantile regression also allows one to 
detect different rates of change throughout the distribution (Dunham et al. 2002). Linear 
quantile regression models are especially valuable when more than one factor affects the 
response, when the factors interact, when all factors that may influence the response are 
not measured, or when factors vary in their effect on the response variable (Cade and 
Noon 2003). 
We used the function “rq” in the R package “quantreg” to compute the quantile 
regressions (Koenker 2013). We examined bycatch and catch relationships to explanatory 
variables from the 5th to the 95th quantiles. We fit the models using the modified version 
of the Barrodale and Roberts (1974) algorithm and used the xy-paired bootstrap method 
with 1000 replications to compute standard errors. The xy-paired bootstrap method is 
consistent across quantiles even when the sample size is small and heavy-tailed errors are 
present (Tarr 2012). We ran quantile regressions on the bycatch data with and without the 
interaction term year*ecological zone that was included in the final model chosen via 
stepwise regression. The model would not converge when the interaction term was 
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included, however, so we only report results for the models without the interaction term 
for biomass of total bycatch and the biomass of individual bycatch species. We also used 
ANOVAs to compare quantiles in order to determine whether the effect of dFAD density 
was significantly different in various parts of the response distribution. 
Results 
Linear models 
The model with the lowest AIC value that resulted from running a stepwise 
regression on the bycatch data was Log(bycatch weight + .001) = average dFAD density 
+ year + ecological zone + year* ecological zone.  The resulting model with the lowest 
AIC for catch was Log(catch weight +0.001)=average dFAD density + year + season. 
The model Log(bycatch weight+0.001)=average dFAD density was not 
significant (F=1.28, p=.26), and it explained a negligible portion of the variance in 
bycatch biomass per fishing set (Adjusted R2<0.001; Table 1). However, the log linear 
model chosen via stepwise regression for total bycatch was statistically significant 
(F=8.03, p<0.001); although it only explained a relatively small portion of the variation 
in log-transformed bycatch biomass (R2=0.211; Table 1). Average dFAD density did not 
have a statistically significant effect on total bycatch biomass per set in this model (t=-
0.21, p=0.83). There was no significant difference between the model when it included 
average dFAD density and when it did not (F=.05, p=0.83).  We also ran this model 
without the interaction term to facilitate comparison between the quantile regression 
results and the linear model results. The model without the interaction term was 
significant (F=15.46, p<0.001) as well, but the variance explained was reduced to 0.15 
(Table 1). Average dFAD density was not significant in this model (t= -1.02, p=0.31). 
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Both of the general linear models analyzing the relationship between catch 
biomass per set and average dFAD density were significant. Average dFAD density had a 
statistically significant positive effect on tuna catch biomass in the model Log(catch 
weight+0.001)=average dFAD density, with a slope of 0.01 (t=2.95, p=0.003;Table 1). 
However, the model only explained a small fraction of the variance (Adjusted R2= 0.006; 
Table 1). There was a significant difference between the models with and without 
average dFAD density included as an explanatory variable (F=6.34, p=0.01). dFAD 
density had a significant, positive effect on catch weight with a slope of 0.009, holding all 
other variables constant (t=2.52, p=0.01; Table 1); although the model had an adjusted R2 
of only 0.023 (Table 1).  
We used a simple linear bycatch model (Log(bycatch weight+0.001)=average 
dFAD density), and more complex models chosen via stepwise regression for bycatch, 
both with and without the interaction term (i.e., Log(bycatch weight + .001) = average 
dFAD density + year + ecological zone + year* ecological zone and Log(bycatch weight 
+ .001) = average dFAD density + year + ecological zone) to model the effects of dFAD 
density on the biomass of the five individual bycatch species. Four patterns emerged from 
these analyses: (1) a statistically significant effect in all models; (2) no statistically 
significant effect of dFAD density on species bycatch biomass in any model; (3) a 
significant effect in the simple models but not the complex models; and (4) a significant 
effect in the complex models but not the simple models (Table 1). Of the five bycatch 
species, silky shark was the only species for which dFAD density had a significant, 
negative effect on mean biomass in all three models (Table 1). The biomass of common 
dolphinfish caught did not have a significant response to dFAD density in any of the 
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three models, and dFAD density had a significant effect on the biomass of the other three 
bycatch species for some of the models but not others. For example, the biomass of 
wahoo caught had a positive relationship with dFAD density in the simple model, while 
the biomasses of spotted oceanic triggerfish and rainbow runner caught had negative 
relationships with dFAD density in the model without the interaction term (Table 1).  
Quantile regression  
 In the model Log(bycatch weight+0.001)=average dFAD density, bycatch 
biomass increased with dFAD density at a statistically significant rate in the lower 
quantiles (τ ) from   = 0.05 − 0.25 (Table 2; Fig. 3b). The greatest rate of change 
occurred in the 5th quantile, with a slope of 0.031 (Table 2). Nevertheless, this 
corresponded to an increase of only 0.0035 tons (3.5kg) of bycatch from areas with an 
average dFAD density of one dFAD per grid cell to areas with an average dFAD density 
of 50 due to the log-linear nature of the model. The slopes of the 5th and the 25th quantiles 
were not statistically different from each other, indicating that the effect of dFAD density 
was the same throughout the significant lower quantiles (F=0.5, p= 0.48). 
 Bycatch biomass decreased at a statistically significant rate with increasing 
dFAD density from the 60th to the 90th quantiles (Table 2; Fig. 3b). Slopes ranged from -
0.002 to -0.009 over these quantiles (Table 2). The largest rate of change in bycatch 
biomass was in the 90th quantile, which had a slope of -0.009 (Table 2). This corresponds 
to a 34.5% decrease in absolute bycatch biomass, or a decrease of 1.15 tons, when 
comparing bycatch biomass caught in an area with an average density of one dFAD per 
grid cell to a density of 50 dFADs per grid cell. The slopes from the 60th and 90th 
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quantiles were not statistically different from each other, indicating that the effect of 
dFAD density did not differ in the upper quantiles (F=1.92, p=0.17).  
Bycatch biomass decreased at a statistically significant rate with dFAD density 
from the 70th to the 90th quantiles in the model that included year and ecological zone as 
explanatory variables. Slopes for average dFAD density ranged from -0.003 to -0.006 
(Fig. 4b). The slopes between the 70th and the 90th quantiles were significantly different 
from each other, indicating that the magnitude of the effect of dFAD density on bycatch 
differed between these quantiles (F=6.81 p<0.001). 
In contrast to the results for total bycatch, total catch biomass increased with 
increasing average dFAD density in the model Log(catch weight + 0.001)=average 
dFAD density from the 5th through the 95th quantiles (excluding the 85th and 90th; Table 2; 
Fig. 6b). The 5th quantile had the largest slope of 0.022 for dFAD density (Table 2), 
which corresponded to a 0.72 ton (720 kg) increase in total catch biomass with an 
increase in dFAD density from 1 to 50 dFADs per grid cell. The greatest absolute change 
in total catch biomass occurred at the 95th quantile, where it increased by 17.7 tons 
between grid cells with average dFAD densities of 1 and 50 per grid cell. The slopes 
from the 5th and the 95th quantiles were not statistically different from each other (F=0.61, 
p=0.44).  
In the catch model that included year and fishing season as explanatory variables, 
the effect of dFAD density on tuna catch biomass per set was significant from the 10th – 
95th quantiles (except for the 80th; Fig. 7). The 10th and 15th quantiles both had the largest 
slope value of 0.013 (Fig. 7).  
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We compared the effect of dFAD density on total bycatch biomass versus total 
tuna biomass by examining the percent change in biomass at one statistically significant 
upper quantile (  = 0.8) of the models Log(bycatch weight +0.001)=average dFAD 
density and Log(catch weight + 0.001)=average dFAD density. In the 80th quantile, there 
was a 25.35% decrease in bycatch weight, which corresponded to an absolute decrease of 
0.45 tons (450kg) between areas with dFAD densities of 1 and 50 dFADs per grid cell. 
There was a 22.09% increase in catch weight in the 80th quantile, which corresponded to 
an absolute increase of 7 tons of total catch for these dFAD densities.  
The five bycatch species exhibited three patterns in the linear quantile regressions 
using the same model for total bycatch which included year and ecological zone as 
additional explanatory variables (Fig. 8). Three species had significant decreasing trends 
over much of their distribution, one species showed little effect and one species had a 
significant increasing trend for much of the distribution of the data. Spotted oceanic 
triggerfish (  = 0.4 − 0.55, 0.65, 0.8, 0.9, 0.95), rainbow runner (  = 0.2, 0.3,0.35)	, and 
silky shark (  = 0.55 − 0.9) biomasses decreased significantly with dFAD density in 
several quantiles of their distributions (Figs. 8b, f and j). dFAD density had a significant 
effect across a greater span of the distribution of spotted oceanic triggerfish biomass than 
the other species. Silky shark bycatch decreased significantly with increasing dFAD 
density in the upper quantiles (Fig. 8j), while rainbow runner bycatch biomass decreased 
in response to dFAD density in the lower quantiles (Fig. 8b). dFAD density had a 
significant negative effect on bycatch biomass for one quantile of dolphinfish (Fig. 8d)., 
Given the number of quantiles we examined, however, we would expect that at least one 
quantile could be significant due to chance alone and therefore we are not confident in 
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the significance of this result. In contrast to the other species, dFAD density had a 
positive effect on wahoo biomass from the 15th -45th quantiles (Fig 8h).  
Discussion 
 Overall, average dFAD density has no significant effect on mean total bycatch 
biomass per fishing set caught by French purse seine vessels in the Atlantic and Indian 
Oceans. Examining the relationship between dFAD density and total bycatch at different 
quantiles of the data revealed, however, that dFAD density did have significant effects on 
total bycatch biomass in other parts of the distribution. dFAD density had a positive 
effect in the lower quantiles and a negative effect in the upper quantiles of total bycatch 
biomass when we included no other explanatory variables. Of these effects, the impact on 
the upper quantiles was the most consistent across models and most important in terms of 
changes in bycatch biomass. These results suggest that dFAD density sets an upper bound 
for bycatch biomass at any given level, although it does not impact average bycatch 
biomass. For example, there were no sets with more than seven tons of bycatch in cells 
that have an average dFAD density above 26.8 dFADs and no sets with more than five 
tons of bycatch in cells with a dFAD density above 37.4 (Fig. 2b). Nevertheless, variation 
in the value of this bound was relatively small over the range of dFAD densities typically 
observed in the two oceans. This was demonstrated by the modest decrease (34%) in 
bycatch weight in the 90th quantile between a density of 1 and 50 dFADs per grid cell. 
In contrast, the relationship between tuna catch and dFAD density was positive 
and significant both for mean tuna catch biomass per set and across the majority of the 
quantiles. However, all of the linear models examined for total catch described a 
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negligible portion of the variance, highlighting that dFAD density is not a strong 
predictor of total biomass of tunas caught.  
 A negative effect of dFAD density on the upper bound of bycatch biomass per set 
may indicate that fish schools are fragmenting among dFADs at high dFAD densities. 
This would support the results of Sempo et al.'s (2013b) simulation study, which found 
that fish schools fragmented among dFADs above certain threshold dFAD densities. The 
biomass of tunas caught per set contradict this conclusion, however. Tunas are schooling 
species, which means that if schools are fragmenting due to the breakdown of consensual 
decision-making in the presence of high numbers of dFADs, catch per set should also 
decrease with dFAD density in the upper quantiles of the distribution. Instead, the 
biomass of tunas caught increases as a function of dFAD density. This result implies that 
it is unlikely that fragmentation is the main mechanism causing the decrease in bycatch 
with increasing dFAD density in the upper quantiles of the distribution, unless schooling 
bycatch species respond differently to high dFAD densities than tunas.  
Our results indicate that there is no clear, overarching response to dFAD density, 
even among the most frequently caught bycatch species. The five most prevalent bycatch 
species highlight the complexity of the relationship between bycatch and dFAD density. 
dFAD density had no significant effect on biomass per set caught for one species at either 
the mean or different quantiles; a negative effect on three species that fluctuated between 
significance and insignificance depending on the model used; and a positive effect on one 
species that also fluctuated in significance depending on the model.  
Based on our results, it seems unlikely that regulating dFAD density will be 
effective at reducing bycatch. First, the success of any such regulation would be 
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measured in terms of its impact on the mean bycatch biomass, which would be 
problematic since dFAD density does not affect mean total bycatch biomass. In addition, 
increasing or decreasing dFAD density to reduce total bycatch would have varying, and 
possibly counter-productive, effects on individual bycatch species.  
Overall, dFAD density has a relatively weak relationship with total bycatch and 
total catch biomasses. The lack of a strong relationship between dFAD density and 
bycatch or tuna biomass may be due to a number of data limitations. The bycatch dataset 
was relatively small (~1300 sets) and contained spatial and temporal heterogeneity and 
biases (Chapter 2) that may not be fully accounted for by the covariates we included in 
the model.  
Furthermore, the dFAD density data used in our study was derived from a 
complex extrapolation from French dFAD trajectory data that is subject to significant 
uncertainties (Maufroy et al. 2016). One likely issue with the dFAD density estimates is 
that the biological processes that we were studying (e.g., dFAD choice, association, and 
school fragmentation) are probably occurring at a finer spatial scale than the grid cell size 
(1°x1° based on a 3°x3° average) we used to estimate the dFAD densities. The coarse 
spatial resolution of the dFAD density estimates could be improved by pooling data 
across all fleets sharing fishing grounds. This would allow us to examine relationships at 
biologically relevant scales; although data from all fleets using dFADs in these areas are 
currently unavailable.    
Despite these limitations, we were able to demonstrate a significant impact of 
dFAD density on the upper bound for bycatch biomass per set. This suggests there is a 
real biological response of bycatch to dFAD density that merits further investigation. 
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Future data collection and data improvements will likely enhance our ability to quantify 
the impact of dFAD density on tuna and bycatch species biomass. Observer coverage has 
been increasing in the last few years in both the Indian and Atlantic oceans, which will 
increase sample size and reduce spatio-temporal biases over time. The sample sizes were 
prohibitively low for over half of the species recorded in the dataset, which prevented us 
from analyzing the relationship between dFAD density and bycatch biomass at the 
species level for most species. Increasing sample size would allow us to examine how 
species-specific traits, such as schooling behavior, affect the relationship between dFAD 
density and bycatch biomass.  
As described by other authors, we need more data regarding FAD activities to 
improve estimates of the numbers and densities of active dFADs in the pelagic 
environment (Baske et al. 2012, Fonteneau et al. 2015, Maufroy et al. 2016). The 
implementation of the dFAD management and accountability programs proposed by the 
Indian Ocean Tuna Commission and the International Commission for the Conservation 
of Atlantic Tuna (IOTC Res. 15/08 and ICCAT Rec. 14/01) would improve access to 
dFAD density information, as well as potentially allow investigators to include additional 
FAD-related covariates in future analyses (e.g., natural versus artificial object, time at 
sea, etc.). These measures would greatly improve the ability of the scientific community 
to study the effects of dFAD density on bycatch and catch biomasses. 
We hope that our analyses serve as a beneficial first step to guide future research 
regarding the effects of dFAD density on the magnitude of bycatch in the tropical tuna 
purse seine fisheries. An interesting avenue for further research would be to add 
biological information to the models, such as life history, ecological, and behavioral 
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traits. Unfortunately, there is a dearth of information on abundance, habitat preference, 
migration patterns, population structure, connectivity, behavior, etc. for many of the 
species commonly caught as bycatch by tuna purse seines. This information is critical to 
future work in this area as variations in these factors play integral roles in determining 
patterns of association and disassociation with dFADs, which ultimately drives the 
biomass and species composition of bycatch. 
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Tables 
Table 1. Linear model slope estimates for average dFAD density from the simple models 
with average dFAD density as the sole explanatory variable, as well as the models chosen 
for tuna catch and bycatch via stepwise regression for total catch, total bycatch, and the 
five most prevalent bycatch species. The model chosen using stepwise regression for 
bycatch was run with and without the interaction term to facilitate comparison between 
the log linear regression and linear quantile regression results for total bycatch and for the 
five bycatch species.   
 
Note: Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ -’ 1. D=Average 
dFAD density, Yr=Year, S=Season, Z=Ecological Zone, Rainbow R.=rainbow runner 
(Elagatis bipinnulata), Triggerfish=spotted cceanic triggerfish (Canthidermis maculata), 
Dolphinf.= common dolphinfish (Coryphaena hippurus). 
 
 
 
Simple Linear Models Slope Sign. Adj. R
2
Stepwise Linear Models Slope Sign. Adj. R
2
Sign. Covar.
Log(Catch+.001)=D 0.010 ** 0.006 Log(Catch+.001)=D+Y+S 0.009 * 0.023 Y, S
Log(Bycatch+.001)=D 0.004 <0.001 Log(Bycatch+.001)=D+Y+Z -0.003 0.150 Y, Z
-0.004 0.001 Log(Bycatch+.001)=D+Y+Z+Y*Z -0.001 0.211 Y, Z, Y*Z
Log(Rainbow R.+.001)=D -0.003 <0.001 Log(Rainbow R.+.001)=D+Y+Z -0.008 ** 0.118 Y, Z
0.002 <0.001 Log(Rainbow R.+.001)=D+Y+Z+Y*Z -0.005 . 0.183 Y, Z, Y*Z
Log(Dolphinf.+.001)=D 0.007 ** 0.011 Log(Dolphinfish+.001)=D+Y+Z -0.003 0.298 Y, Z
-0.005 * 0.006 Log(Dolphinfish+.001)=D+Y+Z+Y*Z -0.002 0.332 Y, Z, Y*Z
Log(Triggerfish+.001)=D Log(Triggerfish+.001)=D+Y+Z -0.006 * 0.146 Y, Z
Log(Triggerfish+.001)=D+Y+Z+Y*Z -0.003 0.194 Y, Z, Y*Z
Log(Wahoo+.001)=D Log(Wahoo+.001)=D+Y+Z 0.003 0.133 Y, Z
Log(Wahoo+.001)=D+Y+Z+Y*Z 0.002 0.184 Y, Z, Y*Z
Log(Silky Shark+.001)=D Log(Silky Shark+.001)=D+Y+Z -0.007 ** 0.089 Z
Log(Silky Shark+.001)=D+Y+Z+Y*Z -0.006 * 0.088 Z
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Table 2. Comparison of linear quantile regression slope estimates for the model 
Log(bycatch weight + 0.001) = average dFAD density of the effect of average dFAD 
density on total bycatch to slope estimates for the model Log(catch weight + 0.001) = 
average dFAD density. 
  Total Bycatch   Total Catch   
τ= dFAD Density Slope 
Significanc
e dFAD Density Slope 
Significanc
e 
0.05 0.031 ** 0.022 * 
0.1 0.011 *** 0.015 *** 
0.15 0.007 *** 0.010 *** 
0.2 0.005 *** 0.009 * 
0.25 0.004 ** 0.008 *** 
0.3 0.003 . 0.006 * 
0.35 0.002  0.007 ** 
0.4 0.001  0.008 *** 
0.45 0.000  0.009 *** 
0.5 -0.001  0.008 *** 
0.55 -0.001  0.007 *** 
0.6 -0.002 * 0.007 *** 
0.65 -0.003 *** 0.006 *** 
0.7 -0.004 *** 0.005 * 
0.75 -0.005 *** 0.005 * 
0.8 -0.006 *** 0.004 * 
0.85 -0.007 *** 0.003  
0.9 -0.009 * 0.005 . 
0.95 -0.006   0.005 * 
 Note: Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ -’ 1  
  
 69 
 
Figure Captions 
Figure 1. Figure 1. Maps of ecological zones and spatial distributions of data used in this 
study. Panel (a) shows the ecological zones in the Atlantic and Indian oceans (outlined in 
black). Panel (b) shows the spatial distribution of dFAD density data (illustrated in gray) 
and positions of fishing sets with catch and bycatch information (black points). The 
dFAD density data area represents any 1°x1° grid cell that had an estimated dFAD 
density > 0 at any point in time from 2007-2013; this does not mean that dFADs 
occupied all of these cells concurrently. 
 Figure 2. Panel (a) shows the quantile regression fit of Log(bycatch weight + 0.001)= 
average dFAD density over τ's= 0.1, 0.25, 0.75, 0.9; the median (  = 0.5) fit; and the 
least squares mean estimate. Each point represents total bycatch per fishing set. Average 
dFAD density had a positive effect on bycatch biomass per set at low quantiles and a 
negative relationship in the upper quantiles. The y-axis is log-transformed in Fig. 2a so 
visually similar slopes do not necessarily represent the same absolute changes in biomass 
because of factor of e changes between intercepts. Panel (b) is a plot of untransformed 
bycatch weights as a function of dFAD density with back-transformed predicted slopes 
for τ's= 0.25, 0.5, 0.75, 0.9. The y-axis is truncated at 10 MT of bycatch biomass. 
Figure 3. The intercept and the average dFAD density slope coefficient estimates across 
the quantiles studied from   = 0.05 − 0.95 for Log(bycatch weight +0.001)= dFAD 
density. The solid red line represents the least squared means estimate, the dotted red 
lines represent its associated confidence interval, the black points are the point estimates 
for each quantile resulting from quantile regression, and the grey, shaded region 
represents the confidence intervals for the quantile regression estimates. Bycatch biomass 
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increases significantly with increasing average dFAD density from the 5th to the 25th 
quantile and decreases significantly from the 60th to the 90th quantiles.   
Figure 4. The intercept and the average dFAD density slope coefficient estimates across 
the quantiles studied from   = 0.05 − 0.95 for Log(bycatch weight +0.001)= dFAD 
density + year + ecological zone. The solid red line represents the least squared means 
estimate, the dotted red lines represent its associated confidence interval, the black dots 
are the point estimates for each quantile resulting from quantile regression, and the grey, 
shaded region represent the confidence intervals for the quantile regression estimates. 
Bycatch biomass significantly decreases in response to increasing dFAD density in the 
70th -90th quantiles.  
Figure 5. Panel (a) shows the quantile regression fit of Log(catch weight + 0.001)= 
average dFAD density over τ's= 0.1, 0.25, 0.75, 0.9; the median (  = 0.5) fit; and the 
least squares mean estimate. Each point represents total catch per fishing set. Average 
dFAD density had a positive effect on bycatch biomass per set at low quantiles and a 
negative relationship in the upper quantiles. The y-axis is log-transformed in Fig. 2a so 
visually similar slopes do not necessarily represent the same absolute changes in biomass 
because of factor of e changes between intercepts. Panel (b) is a plot of untransformed 
tuna catch weights as a function of dFAD density with back-transformed predicted slopes 
for τ's= 0.25, 0.5, 0.75, 0.9. 
Figure 6. The intercept and the average dFAD density slope coefficient estimates across 
the quantiles studied from   = 0.05 − 0.95 for Log(catch weight +0.001)= dFAD 
density. The solid red line represents the least squared means estimate, the dotted red 
lines represent its associated confidence interval, the black dots are the point estimates for 
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each quantile resulting from quantile regression, and the grey, shaded region represent the 
confidence intervals for the quantile regression estimates. dFAD density has a significant, 
positive effect on catch weight from the 5th through the 95th quantiles, excluding the 85th 
and the 90th quantiles.  
Figure 7. The intercept and the average dFAD density slope coefficient estimates across 
the quantiles studied from τ=0.05-0.95 for Log(catch biomass +0.001)= dFAD density + 
year + season. The solid red line represents the least squared means estimate, the dotted 
red lines represent its associated confidence interval, the black dots are the point 
estimates for each quantile resulting from quantile regression, and the grey, shaded region 
represent the confidence intervals for the quantile regression estimates. dFAD density has 
a significant, positive effect on tuna catch biomass from the 10th to the 95th quantiles, 
excluding the 80th and 85th quantiles.  
Figure 8. Slope and intercept estimates for the 5th to the 95th quantiles for the biomasses 
of five bycatch species caught in the highest number of fishing sets from the model 
Log(species bycatch weight + 0.001)=average dFAD density + year +ecological zone. 
The solid red line represents the least squared means estimate, the dotted red lines 
represent its associated confidence interval, the black dots are the point estimates for each 
quantile resulting from quantile regression, and the grey, shaded region represent the 
confidence intervals for the quantile regression estimates. Rainbow runner (Elagatis 
bipinnulata), oceanic spotted triggerfish (Canthidermis maculata), and silky sharks 
(Carcharhinus falciformis) biomasses all decrease with average dFAD density, wahoo 
(Acanthocybium solandri) biomass increases with average dFAD density, and common 
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dolphinfish (Coryphaena hippurus) biomass increases at only one quantile in response to 
increasing dFAD density.  
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Appendix 
Table A1. Comparison of linear and quantile regressions of average dFAD density on 
total bycatch biomass (Log(bycatch weight + .001)=dFAD density). Bolded values 
indicate statistical significance  (α=0.05).  
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Table A2. Linear regression results for the effects of dFAD density on total bycatch 
biomass, controlling for year, ecological zone, and the interaction between year and 
ecological zone (denoted by: year*zone). The results for the interaction term between 
year and ecological zone for 2013 were excluded as there was not enough data available.  
Model Parameter Estimate SE t Value p Value F-Statistic Adj. R
2
LR: Log( Bycatch+.001)= Average dFAD Density 0.26 1.280 0.000
Intercept -0.825 0.069 -12.013 <2e-16
dFAD Density0.004 0.003 1.131 0.258
 τ= 0.05 Intercept -6.962 0.394 -17.659 0.000
dFAD Density 0.031 0.012 2.602 0.009
0.1 Intercept -2.781 0.209 -13.330 0.000
dFAD Density 0.011 0.002 5.366 0.000
0.15 Intercept -2.033 0.099 -20.444 0.000
dFAD Density 0.007 0.001 4.727 0.000
0.2 Intercept -1.671 0.067 -24.808 0.000
dFAD Density 0.005 0.001 3.941 0.000
0.25 Intercept -1.393 0.059 -23.688 0.000
dFAD Density 0.004 0.001 2.819 0.005
0.3 Intercept -1.147 0.062 -18.532 0.000
dFAD Density 0.003 0.001 1.887 0.059
0.35 Intercept -0.939 0.057 -16.605 0.000
dFAD Density 0.002 0.001 1.371 0.171
0.4 Intercept -0.787 0.039 -19.958 0.000
dFAD Density 0.001 0.001 0.923 0.356
0.45 Intercept -0.653 0.045 -14.625 0.000
dFAD Density 0.000 0.001 0.342 0.733
0.5 Intercept -0.486 0.045 -10.730 0.000
dFAD Density -0.001 0.001 -0.509 0.611
0.55 Intercept -0.309 0.054 -5.752 0.000
dFAD Density -0.001 0.001 -1.293 0.196
0.6 Intercept -0.140 0.044 -3.207 0.001
dFAD Density -0.002 0.001 -2.157 0.031
0.65 Intercept 0.017 0.043 0.395 0.693
dFAD Density -0.003 0.001 -3.612 0.000
0.7 Intercept 0.180 0.047 3.806 0.000
dFAD Density -0.004 0.001 -4.924 0.000
0.75 Intercept 0.395 0.055 7.164 0.000
dFAD Density -0.005 0.001 -4.822 0.000
0.8 Intercept 0.584 0.057 10.231 0.000
dFAD Density -0.006 0.001 -5.209 0.000
0.85 Intercept 0.835 0.054 15.344 0.000
dFAD Density -0.007 0.002 -4.082 0.000
0.9 Intercept 1.218 0.074 16.459 0.000
dFAD Density -0.009 0.003 -2.490 0.013
0.95 Intercept 1.806 0.148 12.218 0.000
dFAD Density -0.006 0.010 -0.633 0.527
QR: Log(Bycatch+0.001)=Average DFAD Density
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Table A3. Comparison of linear and quantile regressions of average dFAD density on 
total bycatch biomass controlling for year and ecological zone (“zone” in models). The 
results of one representative significant quantile (  =0.75) for the quantile regression are 
shown. The levels of year and ecological zone contrasted with overall mean for all levels 
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of the factor to test for significance. Bolded values indicate statistical significance 
(  =0.05).  
 
Table A4. Comparison of linear and quantile regressions of average dFAD density on 
total catch biomass (Log(catch weight + .001)=dFAD density). Bolded values indicate 
statistical significance (α=0.05). 
Model Parameter Estimate SE t Value p Value F-Statistic Adj. R
2
< 2.2e-16 15.46 0.1497
Intercept -1.062 0.120 -8.828 < 2e-16
DFAD Density -0.003 0.003 -1.023 0.307
Mozambique 
Channel
-0.892 0.177 -5.034
0.000
Cape Lopez 1.293 0.230 5.628 0.000
E. Somalia 0.449 0.157 2.852 0.004
Maldives/Chagos -0.132 0.133 -0.987 0.324
NW. Seychelles 0.491 0.367 1.335 0.182
S. Indian Ocean 0.000 0.148 -0.003 0.998
SE. Seychelles -2.477 0.553 -4.478 0.000
Senegal 0.125 0.149 0.840 0.401
2007 -1.372 0.195 -7.028 0.000
2008 0.612 0.144 4.246 0.000
2009 0.326 0.171 1.905 0.057
2010 -0.722 0.184 -3.927 0.000
2011 0.127 0.150 0.842 0.400
2012 0.320 0.134 2.391 0.017
2013 0.720 0.137 5.256 0.000
 τ=0.75 Intercept 0.203 0.119 1.704 0.089
DFAD Density -0.004 0.002 -2.147 0.032
Mozambique 
Channel
-0.989 0.155 -6.368
0.000
Cape Lopez 1.488 0.224 6.646 0.000
E. Somalia 0.003 0.143 0.024 0.981
Maldives/Chagos 0.011 0.164 0.066 0.947
NW. Seychelles -0.247 0.221 -1.120 0.263
S. Indian Ocean -0.083 0.144 -0.577 0.564
SE. Seychelles -1.336 0.806 -1.656 0.098
Senegal -0.104 0.139 -0.749 0.454
2007 -0.265 0.121 -2.195 0.028
2008 0.585 0.106 5.520 0.000
2009 0.304 0.164 1.852 0.064
2010 -0.144 0.167 -0.866 0.387
2011 -0.294 0.116 -2.544 0.011
2012 0.104 0.088 1.175 0.240
2013 0.181 0.100 1.817 0.069
LR: Log( Bycatch+.001)=DFAD Density + Year + Zone
QR: Log( Bycatch+.001)=Avg DFAD Density + Year + Zone
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Table A5. Comparison of linear and quantile regressions of average dFAD density on 
total catch biomass. Controlling for year and fishing season. Bolded values indicate 
statistical significance (α=0.05). 
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Table A6.  Quantile regression results for the effects of dFAD density on total bycatch 
biomass including year and ecological zone as covariates. Only the estimates for dFAD 
density are shown (year and ecological zone results excluded). Bolded values indicate 
statistical significance of average dFAD density (α=0.05). 
 
Model Quantile Parameter Estimate SE t Value p Value
0.05 Intercept -4.041 0.244 -16.593 0.000
DFAD Density -0.022 0.009 -2.421 0.016
0.1 Intercept -3.620 0.171 -21.124 0.000
DFAD Density -0.005 0.007 -0.753 0.452
0.15 Intercept -3.447 0.218 -15.795 0.000
DFAD Density -0.002 0.004 -0.402 0.688
0.2 Intercept -3.052 0.300 -10.176 0.000
DFAD Density -0.003 0.003 -0.970 0.332
0.25 Intercept -2.437 0.344 -7.086 0.000
DFAD Density -0.001 0.003 -0.277 0.782
0.3 Intercept -1.835 0.365 -5.032 0.000
DFAD Density -0.001 0.002 -0.702 0.483
0.35 Intercept -1.419 0.307 -4.626 0.000
DFAD Density -0.001 0.002 -0.464 0.643
0.4 Intercept -1.207 0.249 -4.857 0.000
DFAD Density -0.002 0.001 -1.129 0.259
0.45 Intercept -0.775 0.229 -3.385 0.001
DFAD Density -0.002 0.001 -1.399 0.162
0.5 Intercept -0.605 0.202 -3.000 0.003
DFAD Density -0.002 0.001 -1.336 0.182
0.55 Intercept -0.460 0.197 -2.336 0.020
DFAD Density -0.002 0.001 -1.456 0.146
0.6 Intercept -0.307 0.176 -1.745 0.081
DFAD Density -0.003 0.001 -1.833 0.067
0.65 Intercept -0.098 0.163 -0.602 0.547
DFAD Density -0.002 0.002 -1.476 0.140
0.7 Intercept 0.095 0.138 0.692 0.489
DFAD Density -0.003 0.002 -1.993 0.047
0.75 Intercept 0.203 0.119 1.704 0.089
DFAD Density -0.004 0.002 -2.147 0.032
0.8 Intercept 0.435 0.105 4.161 0.000
DFAD Density -0.004 0.002 -2.127 0.034
0.85 Intercept 0.589 0.098 6.015 0.000
DFAD Density -0.005 0.002 -2.838 0.005
0.9 Intercept 0.863 0.097 8.897 0.000
DFAD Density -0.006 0.002 -2.622 0.009
0.95 Intercept 1.168 0.118 9.875 0.000
DFAD Density -0.004 0.003 -1.280 0.201
QR: Log( Bycatch+.001)=Avg DFAD Density + Year + Zone
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Table A7. Quantile regression results for the effects of dFAD density on total catch 
biomass controlling for differences in years and fishing seasons. Only the estimates for 
dFAD density are shown. Bolded values indicate statistical significance (α=0.05). 
 
Model Quantile Parameter Estimate SE t Value p Value
 τ= 0.05 Intercept -1.685 0.602 -2.796 0.005
DFAD Density 0.020 0.011 1.855 0.064
0.10 Intercept 0.378 0.297 1.271 0.204
DFAD Density 0.013 0.006 2.273 0.023
0.15 Intercept 1.080 0.129 8.380 0.000
DFAD Density 0.013 0.004 3.137 0.002
0.20 Intercept 1.422 0.096 14.761 0.000
DFAD Density 0.011 0.003 3.314 0.001
0.25 Intercept 1.654 0.086 19.217 0.000
DFAD Density 0.009 0.003 3.551 0.000
0.30 Intercept 1.935 0.078 24.955 0.000
DFAD Density 0.007 0.002 3.316 0.001
0.35 Intercept 2.058 0.068 30.276 0.000
DFAD Density 0.006 0.002 3.095 0.002
0.40 Intercept 2.219 0.067 32.930 0.000
DFAD Density 0.006 0.002 3.091 0.002
0.45 Intercept 2.321 0.070 33.110 0.000
DFAD Density 0.006 0.002 2.762 0.006
0.50 Intercept 2.445 0.074 32.999 0.000
DFAD Density 0.006 0.002 2.775 0.006
0.55 Intercept 2.621 0.079 33.266 0.000
DFAD Density 0.006 0.002 3.087 0.002
0.60 Intercept 2.733 0.073 37.421 0.000
DFAD Density 0.006 0.002 3.527 0.000
0.65 Intercept 2.874 0.084 34.414 0.000
DFAD Density 0.006 0.002 2.768 0.006
0.70 Intercept 3.006 0.087 34.642 0.000
DFAD Density 0.005 0.002 2.410 0.016
0.75 Intercept 3.189 0.100 31.826 0.000
DFAD Density 0.005 0.002 2.152 0.032
0.80 Intercept 3.335 0.128 26.155 0.000
DFAD Density 0.004 0.003 1.695 0.090
0.85 Intercept 3.532 0.141 25.135 0.000
DFAD Density 0.008 0.003 3.133 0.002
0.90 Intercept 3.754 0.152 24.720 0.000
DFAD Density 0.007 0.003 2.649 0.008
0.95 Intercept 4.269 0.151 28.307 0.000
DFAD Density 0.006 0.003 2.360 0.018
QR: Log( Catch+.001)=Avg DFAD Density + Year + Season
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CHAPTER 4: CONCLUSION 
 The increasing deployment of dFADs by tuna purse seine fisheries is a concern 
for both catch and bycatch species. I analyzed two aspects of dFAD deployments in order 
to gain a better understanding of how purse seiners use the dFADs they deploy and how 
dFADs affect the magnitude of bycatch, with the goal of providing useful information 
that could be used to mitigate bycatch in the fishery. Specifically, I studied how often 
purse seine vessels fish on the dFADs they deploy and how regional dFAD density 
affects the magnitude of bycatch and catch. 
 My results show that only 2.7-20.6% of French dFAD purse seine fishing sets are 
on dFADs that they deployed over the study period 2007-2013. This is a surprisingly low 
percentage given that it has generally been assumed that purse seiners reduce search time 
and associated costs while increasing catch by deploying the greatest manageable number 
of dFADs for directed fishing. My results suggest that French purse seiners are not 
primarily using dFADs to reduce search time through directed fishing on specific, tracked 
dFADs. Instead, the majority of the time they are fishing on random dFADs that they 
cannot track. This has profound implications for the development of an accurate index of 
purse seine dFAD effort. While releasing and fishing on dFADs on an individual scale 
improves purse seine capabilities, the collective deployment of thousands of dFADs 
within fishing grounds by all fleets appears to contribute substantially to overall dFAD 
fishing effort. French purse seiners may be deploying dFADs primarily to track water 
masses to find concentrations of dFADs from other boats instead of using them for 
directed fishing, thereby providing numerous opportunities to make successful fishing 
sets on other dFADs during fishing trips to these areas. As a result, indices of dFAD 
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fishing effort must include information regarding the overall numbers of deployed 
dFADs in an area, requiring participation and collaboration from all fleets. This is 
considerably more complicated than counting the number of dFAD fishing sets or the 
number of dFADs deployed by a vessel. 
  I also analyzed the effect of average dFAD density on bycatch and catch 
biomass. dFAD density has no significant effect on the mean of total bycatch biomass per 
fishing set caught by French purse seine vessels in the Atlantic and Indian oceans, and 
log linear models that included dFAD density as an explanatory variable were not 
statistically different from those that did not include it. Examining the relationship 
between dFAD density and total bycatch at different quantiles of the data revealed, 
however, that dFAD density did have significant effects on total bycatch biomass in 
different parts of the distribution. For instance, dFAD density had a consistent, negative 
effect in the upper quantiles of total bycatch biomass in all models tested using quantile 
regression. Therefore, when bycatch weight per set was high, bycatch weight decreased 
as average dFAD density increased. My results imply that dFAD density sets an upper 
bound on the magnitude of bycatch biomass caught per set at any given dFAD density 
level.   
The results for the five most frequently caught bycatch species highlight the 
complexity of the relationship between bycatch and dFAD density. dFAD density had no 
significant effect on biomass per set caught for one bycatch species at either the mean or 
different quantiles; a negative effect on three species that fluctuated between significance 
and insignificance depending on the model used; and a positive effect on one species that 
also fluctuated in significance depending on the model. These results demonstrate that 
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there is no common response to dFAD density among bycatch species, even among those 
most often caught in the fishery.  
In contrast, the relationship between tuna biomass caught and dFAD density was 
positive and significant both at the mean catch weight per set and across the majority of 
the quantiles. However, all of the linear models examined for total catch described a 
negligible portion of the variance in catch biomass per set, highlighting that dFAD 
density is not a strong predictor of total catch biomass.  
Management Recommendations 
Overall, it is remarkable that a major component of the tropical tuna purse seine 
fleet makes at least 79% of its dFAD sets on randomly encountered dFADs. One possible 
explanation is that the standing stock of dFADs considerably exceeds what is necessary 
to maintain the fishery. If so, then the fishery could reduce the total number of dFADs, 
and thereby reduce potential negative impacts on pelagic and coastal ecosystems without 
significantly reducing net profitability. In order to clarify whether or not the number of 
dFADs actually exceeds what is needed, my analyses should be repeated for the entire 
purse seine fleet (i.e., vessels from all countries) operating in both the Atlantic and Indian 
oceans in order to estimate the number of dFADs that are not being actively used. 
The low percentage of dFAD sets that purse seine vessels carry out on the dFADs 
they deploy suggests that using a metric of nominal effort based on individual vessel 
activity, such as search time, is unlikely to produce reliable CPUE estimates. Quantifying 
the collective component of overall dFAD effort in the fishery is critical to improving our 
ability to assess the impact of purse seine fisheries on tuna and bycatch populations.  
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 My results indicate that regulating dFAD density would likely be an ineffective 
way to mitigate bycatch. First, dFAD density does not affect mean bycatch biomass, 
which would make it extremely difficult to measure response, and as dFAD density does 
not affect total bycatch biomass at the mean, it would be extremely difficult to design a 
regulation to reduce bycatch biomass based on dFAD density alone. In addition, dFAD 
density has contradictory effects depending on the species examined; increasing or 
decreasing dFAD density to reduce total bycatch biomass would have varying, and 
possibly counter-productive, effects on individual species. 
Data Recommendations 
My results also show that there are major data constraints currently hindering 
these sorts of analyses. I therefore recommend the following to improve the ability of the 
scientific community to study the effects of dFAD use, density, and soak time on bycatch 
and catch. 
First, independent observer coverage of commercial fishing trips needs to 
continue to increase in all fleets in both the Indian and Atlantic oceans in order to 
increase the sample size of fishing sets with bycatch information and reduce spatio-
temporal biases over time. The sample sizes were prohibitively low for over half of the 
species recorded in the observer dataset, which prevented me from analyzing the effect of 
dFAD density on those species and comparing responses between species.  
Second, I recommend (as have others; e.g., Maufroy et al. in press, Baske et al. 
2012, Fonteneau et al. 2015) that more information about dFAD activities be collected to 
improve deployment and density estimates of active dFADs in the pelagic environment. 
ICCAT and IOTC are beginning to address this issue through the development of FAD 
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management plans (“Recommendation by ICCAT on a Multi-Annual Conservation and 
Management Program for Tropical Tunas” 2014; “Procedures on a FADs management 
plan, including a limitation on the number of FADs, more detailed specs of catch 
reporting from FAD sets, & the development of improved FAD designs to reduce 
incidence of entanglement of non-target species” 2015). Examples of critical information 
that needs to be collected in these plans are: unique FAD identifiers; the number of FADs 
deployed, retrieved and the date and position corresponding to each activity; the unique 
identifier of the fishing set made on a FAD; and the types and features of FADs (e.g., 
construction material) used. This information would improve access to dFAD density 
information and increase the number of covariates that could be included in analyses of 
dFAD impacts on pelagic communities. It is essential to create a direct link between 
fishing sets and dFADs. This will improve estimates of the percentage of sets purse seine 
vessels make on their own dFADs and make it feasible to analyze the effects of soak time 
on bycatch and catch species. Unfortunately, it will be some time before FAD 
management plans are fully instated, and existing plans do not address all of these data 
deficiencies. Several of the contracting members of IOTC had not submitted plans as of 
April 2016 (“Summary of compliance with the drifting FAD Management Plan” 2016).  
Finally, there is a lack of information on species abundance, habitat preferences, 
migration patterns, population structure, connectivity, behavior, etc. for many of the 
commonly caught bycatch species in the tropical tuna purse seine fisheries. This 
information is critical as variations in these factors play an important role in determining 
when and why bycatch species are caught with dFADs. Although it is difficult and costly 
to study these pelagic species, without more biological and ecological information we 
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will not be able to properly study the effects of this global fishery on their populations or 
to create effective policies to reduce their capture in the face of an ever-increasing 
number of deployed dFADs in the pelagic environment.   
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